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ABSTRACT 
Pool boil ing of l iqu id  nitrogen i n  a body force fie1.d l e s s  than standard 
gravity was studied using a tranaient  calorimeter measurement technique. Ex- 
perimental variables included: body forces from standard gravity t o  near-zero; 
a var ie ty  of geometries and or ien ta t ionsof the  boil ing surface; subcooling 
from O°F t o  30°F; pressures from 1 t o  5 atmospheres; and boil ing regimes from 
f i " i m  t o  nucleate, plus f r e e  convection. Gravity was varied by using a drop 
tower and a counterweighted t e s t  package. En f ree  f a l l ,  the t e s t  package 
achieved a l eve l  of l e s s  than 0.002 times stacdard gravity. Heat t ransfer  
surfaces included 1/4-, 1 2  and 1-inch diameter spheres and a 3-i.-~.ch diam- 
e t e r  by 13116-inch thick disk oriented ver t ical ly ,  horizontally heating up, 
and hori zonta1l.y heating down, 
Subcooling was achieved by rapid pressurization of the  1iqu.id nitrogen; 
J and 5 atmospheres were used, providing m a x i m  s3ubcooling of approximately 
20°F and 30°F. Results were obtained i n  the form of time vs. surface tempera- 
ture, which were then expressed as  heat f lux  vs. the  difference between the 
t e s t  surface temperature and saturated l iqu id  temperature. These r e s u l t s  
are presented graphical .1~.  I n  addition, high-speed photographs were made 
showing the f i . L m  boil ing process. These photographs were used t o  determine 
vapor f i l m  thicknesses f o r  the  various geometries. A1.1 r e su l t s  were l imited 
t o  the film-boiling region except f o r  those obtained with the 1-inch diam- 
e t e r  sphere, which was used i n  a l l  boil ing regions. 
I n  the film-boiling region, the  heat f l u x  on the spheres varied a s  di- 
ameter t o  the -1/8 power. The heat flwc on the disk, within the uncer- 
t a in ty  of the measurements, did not exhibit any dependence on the disk 
orientation,  but was approximately 100$ higher than the heat f lux observed 
on tne spheres with similar  l i q u ~ d  conditions, The appearance of the  vapor 
f i l m  on the disk a s  observed i n  the photographs differed with orientation.  
The heat f lux  on the 112-inch and 1-inch spheres varied a s  the  l/j power of 
acceleration. The heat f lux  on the 1/4-inch sphere and the disk varied a s  
the 2 / 9  power of acceleration. For the 1-inch diameter sphere, the minimum 
and maximum heat fluxes were proportional. t o  the 1/4 power of acceleration 
and were increastd with subcooling and increased gressure. Nucleate boi l -  
ing, within the  wrcertai.nty of the measurements, was not affected by varia- 
t ions i n  acceleration, pressure, or  subcooling. 
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CHAPTER I 
INTRODUCTION 
A.  PURPOSE 
Of the three modes of heat transfer, radiation, conduction, and convec- 
tion, only convection is normally affected by a variable force field. In 
the past, this dependence was not usually significant. Within the last ten 
years, however, questions which previously had been primarily academic in 
nature began to have many practical applications in the new field of s-pace 
technology. The possibility of vehicles being accelerated, in free fall or 
orbit, or subjected to other gravitational systems, made it desirable to 
have some reasonably reliable method of predicting how various physical phe- 
nomena would be modified, under a varying force field. 
Because of the compactness possible, it m y  be anticipated that boil- 
ing heat transfer will continue as an important mechanism for power gen- 
eration and energy dissipation for some time to come. Recently many dif - 
ferent models have been proposed which purport to provide a correlation for 
boiling heat transfer data in the various boiling regimes, but none of them 
have been able to describe completely the various boiling processes. Most 
of the correlations include a dependence on tine local gravitational field. 
While variations in the indicated dependence on (a/g) between different boil- 
ing regimes is not unexpected, the different predicted dependencies for a 
single regime appears to indicate shortcomings in at least some of the models. 
Use of particular correlations in space technology applications should there- 
fore be aF,temp-t;ed cnly a f t e r  comparison with data which have been published 
on heat trar,sfer with nonstandard force f i e l d s .  
The purpose of t h i s  investigatton "ras t o  attempt t o  c l a r i f y  some of the 
apparent discroepancies i n  tile predicted dependence heat  f lux  on the grav- 
i t a t i o n a l  f i e l d  i n  the various boil ing regimes. It was recognized t h a t  the 
size, shape, and or ientat ion of the  surface from which boi l ing was taking 
place could a f f e c t  the resu l t s ,  so several d i f fe rent  surfaces were used t o  
obtain heat  t ransfer  data i n  the  f i l m  boi l ing region. The e f fec t s  of using 
subcooled and saturated l iquid were investigated, and pressure on the 
system was varied. ' A t rans ien t  calorimeter measurement technique was used t o  
study $he range of effect ive gravity '  from standard ear th  gravi ty  t o  near-zero 
(free fa l l ) .  Liquid nitrogen was used as the t e s t  f l u i d  since it is  i n e r t  
and i s  convenient with the t rans ien t .  technique. 
0 
3. LITERATURE SURVEY* 
Boiling heat t ransfer  is characterized by the generation of vapor a t  a 
solid-l iquid interface due t o  heat transport  from the so l id  t o  the l iquid.  
The so l id  heat t ransfer  surface i s  a t  a temperature above t'ne l iquid satura- . 
t i on  tempci-ature. The l iqu id  bulk temperature i s  equal t o  o r  l e s s  than the  
l iquid saturat ion temperature. The vapor may appear as individual bubbles, 
as a continuous f i l m ,  o r  as a combination of both. Buoyant forces actizlg 
on the vapor tend t o  remove it from the hot surfaqe i n  the form of bubbles 
of various shapes and sizes.  After departure f romthe  heat t ransfer  surface, 
---- 
*Superscripts refer t o  References i n  the Bibliography. 
the bubbles may collapse, coalesce with other bubbles, or move indeper~4ently. 
I Detailed examinations of the conditions under which these various behaviorg 
are observed and descripticrns of the various boiling regimes are prcsenteci 
i n  standard texts such as those of ~cAdamsl and ~ r e i t h . ~  
I The level of boiling heat flux is affected by the ra te  a t  which the 
vapor is removed from the heat transfer surface. A change i n  the buoyancy 
force would be anticipated t o  affect  the vapor removal rate, and therefore the 
heat flux, for a given heat transfer surface temperature. The effect lrmy vary 
with the boiling regime. Analyses of the hydrodynamic aspects of nucleate 
and f i l m  boiling (e.g., Refs. 3-5) consider the liquid-vapor interface in- 
stabili ty.  For film boiling, Taylor ins tabi l i ty  is  observed. The reduction 
or elimination of the gravity force will  reduce or  eliminate the liquid-vapor 
instability, significantly changing the mechanism of heat transfer. The con- 
sequences of th i s  effect have been observed i n  th i s  present work. 
Melberg6 calculated the forces on a single bubble due t o  bubble dy- 
namics, surface tension, drag, and gravity induced buoyancy. These calcula- 
tions indicated that, for  water, an effect of (a/g) on heat transfer might f 
be expected only when (a/g) was larger than 50. Clark, e t  al.,7 evaluated 
the bubble Froude number (ratio of iner t ia  t o  buoyant forces) i n  nucleate 
boiling for  several liquids at  1 atmosphere pressure, ( a )  = 1 ATsat = 16O~, 
and a bubble radius of 0.005 inch. Their evaluation indicated inert ia  forces 
were dominant for  a l l  liquids considered; for  nitrogen, the bubble Froude nwn- 
ber was 452. 
Keshock, -- e t  a1.,8 evaluated the forces on bubbles i n  nucleate boi l ing 
and found t h a t  bubble departure diameter showed a g ~ a v i t y  dependence only for  
slowly growing bu'bbles; the i n e r t i a l  force controlled departure diameter f o r  
a rapidly growing bubble. Cochran, -- e t  a l .  ,' evaluated the  f14rces act ing on 
a buvble attached t o  a surface, and found t h a t  a t  (a/g) - 1 and high sub- 
cooling ( > l o O ~ )  %he principal  removal forces were the pressure and dynamic 
forces, a t  low subcooling the principal  removal forces were the pressure and 
buoyant forces, and a t  zero gravity the pressure and dynamic forces removed 
the bubbles a t  a11 subcoolings. 
Beckman and ~ e r t e l O  obtained high-speed photographs of nucleate boil-  
ing of water a t  (a/g) from 1-100 and found t h a t  var ia t ions  i n  acceleration 
affected the number of nucleating s i t e s ,  the  frequency of  'bubble departure, 
and, f o r  values of (a/g) between 1 and 3, the  bubble departure s ize .  Later 
growth period growth r a t e s  were also affected by variations i n  acceleration. 
The correlat ion proposed by ~ohsenowll f o r  nucleate pool boiling, Eq. 
(58), predicts  tha t  ( q / ~ )  is proportional t o .  (a/g)112 (provided t h a t  the 
empirical constant, given a s  2.97~105, i s  not a f u r r t i o n  of (a /g)) .  The equa- 
t ion  developed by ~ i c h e n k o l ~  f o r  nucleate boiling, Eq. (59), predicts  t h a t  
-2 h (q/A) i s  proportional t o  (a/g) . Forster  and zu'ber13 and Forster and 
~ r e i f l ~  predicted. t h a t  ( q / ~ )  would be independent of (a/g). 
li'rederking15 performed a combined kinematic and f l u i d  dynamic analysis 
of a bubble column originating a t  a single s i t e  i n  saturated nucleate boi l -  
ing. H i s  r e s u l t s  Andicated that. the heat f l u x  a t  a single s i t e  was propor- 
t iona l  t o  (a/g)lI4, but did mt consider the  e f fec t  of on the number of 
bubble s i t e s .  
Nucleate pool boiling gxperimental data have been reported for  a wide 
range of (a/g). Merte and clerki6 using saturated water and (a/g) from 1- 
20 observed a change i n  (q/A) with (a/g) for  a given ATsat. An increase i n  
( q / ~ )  was observed at low ATsat, but at higher ATsat, (q/A) decreased wlth 
increasing (a/g). Costello and ~ u t h i l l l 7  observed a decreasing { q / ~ )  with 
(a/g) increasing from 1 t o  38 a t  a given ATsatr but did not present data a t  
the low ATsat wh? .: Merte and clark16 had observed a reversal of t h i s  trend. 
sherley18 reported a s t a t i s t i c a l  increase of approximately 208 i n  (q/A) a t  
a given &Teat when comparing ( q / ~ )  vs. ATsat data a t  (a/g) = 0 with similar 
data a t  (a/g ) = 1. However, the variation of (4~) fo r  both level6 of (a/g) 
was approximrtely f 50$. Merte and clark19 obtained (q/A) vs. ATsat satu- 
rated nucleate boiling data with l iquid nitrogen a t  (a/g) = 1.0, 0.6, 0.33, 
0.2, and f ree  f a l l  (0.01-0.03). Their resul ts  were consistent with those 
of ~ h e r l e y . 1 ~  i n tha t  n, significant effect  of (a/g) was obselwved i n  the 
nucleate boiling region. 
Numerous correlations have been proposed for  predicting the maximum 
heat flux, (q/A),, (e.g., Refs. 2C,21,22,23, and discussion of 3 ) .  They 
a l l  predict ( q / ~  I,, is  proportional t o  (a/g)lI4. ~ i e g e l ~ ~  suggests that 
1 
t h i s  may be because they a l l  use a horizontal in f in i t e  f lat  plate model. 
Costell0 and Tutihi1117 observed an (a/g)lI4 dependence of (&), for  
1 < ~ / d <  38 on a flat plate. Merte and clark19 found an (a/g)l l4 depend- 
ence fo r  ( q / ~ ) , ~  with a l-inch diameter sphere i n  the range 0 < (a/g) < - 1. 
Usiskis and siege125 u ~ e d  a platinum wire 0.0453 inch i n  dj-amster t o  obtain 
(d~),, data for (a/g) between 1 and free fa l l  and commented tha t  an 
( a /g ) l l4  var ia t ion appeared t o  provide a reasonable lower l i m i t  f o r  thei,: 
data.  
I n  a n  e a r l y  work26 with nucleate boil ing of Freon 114 from a horizontal 
platinum wire,, it was observed tha t  upon changing from (a/g) = 1 t o  f ree  
f a l l ,  tha t  with no change i n  heat flux, the  system changed t o  f i l m  boiling. 
Evidently the heat f lux  leve l  was i n i t i a l l y  above t h a t  corrsponding t o  
(q/~),, fo r  the f r ee  f a l l  condition, and f i l m  'boiling was the only possible 
condition. 
A range of ATebsat over which ( q / ~ ) m a x  would be expected t o  e x i s t  was 
predicted b y  Chang and snydere21 Merte and clark19 observed an empirical 
constant i n  t h i s  equation had been derived f o r  water. They modified the 
constant t o  apply t o  nitrogen and presented experimental r e s u l t s  which f e l l  
within the predicted range. This przdiction also included a dependence on 
Results fo r  t r ans i t ion  'mi l ing  with variat ions i n  (a/g) appear t o  'be 
limited t o  those of Merte and clark19 f o r  0 <(a/& <_ 1. A s  discussed 'by 
siegelZ4 these data suggest t h a t  ( q / ~ )  as a function of ATsat i n  t h i s  re- 
gion i s  insensi t ive  t o  gravity reductions. 
~ e r e n s o d  predicted t h a t  the. minimum heat f lux '  with f i lm.  boiling, 
( d ~ ) ~ ~ ~ >  on a horizontal f lat  plate  was proportional t o  (a/g) 1/4 He a lso  
obtained an expression f o r  ATsat a t  which ( 9 / ~ ) ~ ~ ~  would occur. This ATsat 
was proportional t o  (a/g)-1/6. The measurements of Merte and clark19 for  
a 1-inch diameter sphere agreed closely with the  predicted (q /~) ,~ , ,  'but 
the  value of ATsat a t  t h i s  condition did not. 
Analyses of the film-boiling region have been performed using several 
d i f fe rent  models. ~ r o m l e ~ ~ 7  analyzed fi lm boil ing from a horizontal tube 
with viscous flow around the tube t o  the top. The equation he obtained i s  
6 given as Eq. (20) and predicts  ( q / ~ )  varies as (a/g)1/4. Adelberg per- 
formed a similar analysis f o r  a horizontal tube and also predicted tha t  
1/4 (q /A)  would vary as (a/g) . 
~erenson3  analyzed f i lm boi l ing from a horizontal f l a t  p la te  with a 
th in  f i l m  of uniform thickness on which cyl indrical  bubbles with hemisper- 
i c a l  caps were superimposed a t  regular intervals .  The equation he developed 
3/8 i s  given as Eq. (26) ,  and predicts  ( q / ~ )  varies as (a/g) . 
H a m i l l  and ~ a u m e i s t e 9 ~  performed an analysis of f i l m  boil ing based on 
a ce l lu la r  model and obtaired an optimum c e l l  diameter (wavelength) which 
was inkermediate between he and Ad (see Eqs. (21) and (22)) .  The expres- 
sion they obtained f o r  f i lm boil ing was 
where 
which they observed agrees with the  equation of Berenson (EQ. (26)) within 
4$. Equation (1) predicts  ( q / A )  is  proportional t o  (a/g)3/0. 98wi ster,, 
e t  a1 29 considering f i l m  boil ing t o  water drops on a f lat  plate, develuped 
- . j  
an equation f o r  the heat t ransfer  from the plate  as 
where 
Equation (3)  predicts  t h a t  (qh) i s  proportional t o  ( a / g ~ l / ~ .  The model 
used t o  obtain Eq. (3) assumes t h a t  the  generated vapor moves pa ra l l e l  t o  
the f l a t  plate, ra ther  than normal t o  it a s  with the other f l a t  p la te  models. 
An analysis of f i lm boiling on a ve r t i ca l  surface was performed 'by Hsu 
and Westwater. 30 They predicted tha t  i n  the laminar f i l m  regicn ! q / ~ )  would 
be proportional t o  ( a / g ) ~ / ~ ,  but i n  the  turbulent f i lm region the exponent 
on (a/g) would be between lh and 1/2. Frederking and ~lark3 '  analyzed f i lm 
boilirlg on a sphere a t  (a/@;)= 1and predicted tha t  ( q / ~ )  would be proportional 
1/3 to  (a/@;) . ~ i e ~ e 1 ~ ~  commented t h a t  the r e l a t ion  proposed by Frederking 
and Clark ( ~ q .  (16)) containetd contribtctions from both the  l a m i n a r  and tur -  
bulent regimes. 
Results obtained f o r  f i l m  boil ing on a 1-inch diameter sphere f o r  
0 C (a/g)z 1 by Clark and Merte ( ~ e f  s. 7, 9 ,  32, and 33 ) show ( q / ~ )  t o  be 
1/3 proportional t o  (a/g) . ~ o m e r s n t z ~ ~  obtained f i lm boil ing re su l t s  on a. 
0.188-inch diameter horizontal cylinder at  1 < -(a/g)< - 10, and f ~ u n d  ( q / ~ )  w a s  
proportional t o  (a/g) 00336. Heath and costelloJ5 obtained re su l t s  f o r  f i lm 
boil ing of ethanol, pentane, and Freon 113 on horizontal and ve r t i ca l  f la t  
plates, for  1 < - b/g)< - 21 i n  a centrifuge. Their p la tes  were 6 inches long 
and 1 o r  1-1/2 inches wide. Their r e su l t s  were adequately predicted by 
Berensong s correlation ( ~ q .  (26 )-- (o/A) proportional t o  (ale) 'I4) when it 
was mdified by a width corrf:ction factor.  Heath and ~os t e l l o33  did not 
find any significant difference i n  f i l m  boiling heat transfer characterist ics 
b between the horizontal and the v e r t i c ~ l  plate orientation, although Class, 
e t  a1 J6 using a plate 22 inches long and 1 inch wide i n  liquid hydrogen, 
-* J 
o'bserved heat fluxes as much as 25s higher on a vert ical  plate than were ob- 
served on a horizontal plate heating up. 
CHAPTER I1 
EXPERIMENTAL APPARATUS 
The primary object of t h i s  investigation was t o  determine the e f fec t s  
on boi l ing heat  t ransfer  of varying the gravi ta t ional  f i e l d  i n  the range 
0 < (a/g)< - 1, with addit ional  variables of t e s t  surface geometry, bulk l iqu id  
subcooling, and pressure. 
The most simple way of approaching (a/g) = 0 with an experimental pack- 
age w a s  with the use of a drop tower (a l ternat ive techniques include using 
an a i r c r a f t  f ly ing  a parabolic t ra jec tory  o r  a s a t e l l i t e  i n  ear th  o r b i t  ). 
This permits continuous d i rec t  measurements during f r ee  fall. The use of 
a counterweighted system added the desired capabi l i ty  f o r  obtaining interme- 
d ia te  values of (a/g). (A dliscussion of the re la t ionship Setween f ree  fall ,  
counterweighted drop, and various values of the  gravi ta t ional  f i e l d ,  i s  pre- 
sented i n  Appendix E. )  Tne use of a drop tower required a means of 'bring- 
ing the t e s t  package t o  r e s t ,  a s  well as a means of recording data obtained 
while the package w a s  fa l l ing .  A t e s t  f a c i l i t y  with these capabi l i t ies  was 
designed and b u i l t  i n  the  Heat Transfer Laboratory of the  Department of 
t 
Mechanical Engineering. 
A drop tower provides re la t ive ly  short  t e s t  times, of t h e  o r h r  of a 
few seconds fo r  r e a l i s t i c  heights, so tha t  steady-state heat t ransfer  meas- 
urements a r e  not practical .  A t ransient  technique, using a t e s t  surface as 
a dynamic calorimeter, permitted an accurate detecmination of heat f l u x  when 
the  t e s t  surface physical character is t ics  and the variat ion of temperature 
with time were known (see Section V.F) .  
The use cf  various t e s t  surfaces permitted the  e f fec ts  on f i l m  boil ing 
of variat ions i n  geometry and t e s t  surface orientation,  i n  combination with 
variat ions i n  (a/g), t o  be evaluated. The t e s t  f l u i d  used was l iquid  ni -  
trogen, generally a t  atmospheric pressure and saturated. In  order t o  inves- 
t i g a t e  the e f fec t s  of subcooling on boiling, subcooling was achieved by rapid 
pressurization of the l iqu id  nitrogen with helium just  pr ior  t o  the  t e s t  ( i n  
preference t o  supplying a cooling system t o  maintain a subcooled bulk l iqu id  
nitrogen temperature leve l  ) . This a l so  provided the capa'bility f o r  varying 
the pressure on the boiling l iquid.  A subsequent need f o r  photographic in- 
formation on the boil ing phenomena with different  t e s t  surface geometries i n  
the film-boiling regime a t  (a/g) = 1 necessitated the acquisi t ion of a high- 
speed motion pictt, re camera. 
B. DROP TOWER 
The drop tower location i n  the Heat Transfer Laborfitory permitted a 
t o t ~ l  drop distance of 31 fee t ,  which provided approximately 1.4 seconds of /' 
test time i n  f r e e  fal l .  A sketch of the drop tower f a c i i i t y  i s  shown i n  
Fig. 1. 
The hydraulic buffer arres t ing gear shown i n  Fig. 2 i s  basl.cally a 6- 
inch diameter hydraulic piston with programmed o r i f i ces  designed specif- 
i c a l l y  for  t h i s  application. The buffer i s  capable of decelerating a 130- 
pound mass from 45 f ee t  per second t o  r e s t  i n  a distance of 2-112 f e e t  with 
a maximum measured value of (a/g)=30. 
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Fig. 1. Drop tower facility. 
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Fig.  2. Buffer assembly. 
The use of an automotive-type c o i l  spring, four inches of Ensolite en- 
ergy-a'bsorbing synthetic rubber compound, and one inch of heavy rubber 
padding on the  top of the  piston helped t o  reduce the  i n i t i a l  accelerat ion 
ef the piston while decreasing the i n i t i a l  decelerat ion of the t e s t  pack- 
age. 
Two d i f fe ren t  t e s t  packages, described i n  nore d e t a i l  i n  Section II.C, 
were u t i l i zed .  The f i r s t  package (Fig. 3 )  was used f o r  obtaining saturated 
data a t  one atmosphere pressure, and weighed approximately 120 pounds. The 
second t e s t  package (Fig. 4 ) ,  which could be pressurized t o  100 psia, was 
used f o r  obtaining both saturated and subcooled data  at  pressures of from 1 
t o  5 atmospheres, and weighed approximately 135 pounds. 
The countt:weight used t o  provide intermediate values of (a/g) between 
0 and 1 ( ~ i g s .  3 and 4 )  was made from a piece of  aluminum tubing 6 inches 
i n  outside diameter and 5 f e e t  long, and- included a provision f o r  varying 
i t s  weight by adding o r  removing quant i t ies  of lead shot.  The empty weight 
of the  counterweight was 11 pounds, 5 ounces, which permitted minimum ex- 
perimentally measured values of (a/g) of 0.20 t o  be obtained with the f irst  
t e s t  package and 0.17 t o  be obtained with the second t e s t  package. The 
counterweight was decelerated a t  the end of the  drop by two Firestone Rubber 
Company automotive-type air springs and was guided by two v e r t i c a l  wi1.e~ 
which l imited its horizontal  motion. 
I n i t i a l l y  the  t e s t  package was supported by the counterweight cable, 
asla the  counterweight w a s  held down by a solenoid-operated la tch .  It w a s  
o'bserved tha t  when the  counterweight w a s  released the  t e s t  package and the  

Fig. 4. View of second test package and counterweight. I 
counterweight i n  combination with t h e  cable connecting them behaved as a 
spring-mass system with a r e s u l t a n t  s inusoida l  v a r i a t i o n  i n  t h e  measured 
value of (a/g). This  v a r i a t i o n  i n  (a/g), discussed f u r t h e r  i n  Appendix E, 
was reduced by support ing and r e l e a s i n g  t h e  t e s t  package d i r e c t l y ,  so t h a t  
t h e  cable  i n i t i a l l y  supported t h e  coucterweight, r a t h e r  than t h e  t e s t  pack- 
age. 
The t e s t  package was r a i s e d  from t h e  b u f f e r  t o  t h e  r e l e a s e  pos i t ion  by 
means of an  e l e c t r i c a l l y  i i ~ i v e n  h o i s t ,  which w a s  a l s o  used t o  r epos i t ion  
t h e  buf fe r  p i s t o n  i n  t h e  "up" pos i t ion .  
Two f l e x i b l e  sh ie lded  cables  c a r r i e c  a l l  of  t h ~  instrumentat ion leads 
from t h e  t e s t  package t o  a con t ro l  panel loca ted  Jn t h e  sccond f l ~ o r .  From 
t h e  con t ro l  panel t h e  wir ing l e d  t o  the  appropr ia te  recording equipment, 
reference junct ions,  o r  c a l i t r a t i o n  equipment. These two cables  were a t -  
tached symmetrically t o  t h e  t e s t  package t o  balance any overturning moments, 
and hsd no measurable e f f e c t  on zhe values of (a/g ). 
The f i r s t  t e s t  package w a s  supported by a shor t  length of  17-gauge re -  
s i s t a n c e  wire p r i o r  t o  a t e s t .  The package w a s  re leesed  by passing a large 
current  through t h e  wire, hea%ing it very r a p i d l y  The s t r e n g t h  of t h e  wlre 
&creased with increasj-ng temperature u n t i l  t h e  wire f a i l e d ,  provldi  ng a 
torque-free r e l e a s e .  An 5ndicat ion of t h e  cu r ren t  tras superimposed on a 
time record :see Sect ion  1I.E). and t h e  cessa t ion  of cur rent  i n d i c a t i o n  iden- 
t i f i e d  t h e  r e l e a s e  time. The wire normally pa r t ed  approximately 1 . 3  seconds 
a f t e r  t h e  cu r ren t  w a s  i n i t i a t e d .  
The second t e s t  package w a s  supported by a s tud  which engaged a solenoid- 
operated la tch .  The current  which ac t iva ted  the solenoid a l so  provided an 
indicat ion of ,the time of re lease  on the  recorder.  This system permitted 
be t t e r  control  of the  time a t  which the  t e s t  package w a s  dropped. 
C .  TEST PACKAGZS 
The f i r s ?  t e s t  package provided f o r  f r a c t i o n a l  g rav i ty  and f r e e - f a l l  
t e s t i n g  using Liquid ni trogen a t  sa tura ted 1 atmosphere conditions. It con- 
s i s t e d  of a simple framework t o  which a 3 - l i t e r  s t a i n l e s s  s t e e l  beaker, in -  
sula ted  on the s ides  and bottom with 3 inches of Styrofoam, was attached 
(see Fig. 3 ) .  A l i d  on the  beaker reduced convection currents  over the  n i -  
t rogen,  and thus the evaporation ra te ,  as well as po ten t ia l  oxygen con'tamina- 
t i o n  from the  atmosphere. Provision w a s  made f o r  pos i t ive ly  posi t ioning any 
t e s t  surface which was used, so t h a t  r epea t ab i l i t y  w a s  ensured. The t e s t  
surface was manually placed. i n  the  t e s t  f l u i d  a t  t he  start  of each t e s t .  
Four guide wires vere prgvided, one at each corner of the  framework, These 
guide wires kept the  package from twis t ing while it w a s  being ra i sed  t o  o r  
i n  the  re lease  posi t ion,  aligried with the  rectangular openings it passed 
through while droppiw,  and supported i n  an  upright posi t ion on the  'buffer 
p.i.ston a f t e r  cnnlpletion of a drop. 
The f i r s t  package w a s  found t o  reach a minimum value of (a/g) which 
varied from .01 t o  .O3 .  Par t  of t h i s  departure from zero (a/g) during f r ee  
f a l l  w a s  a t t r i bu t ed  t o  guide-wire drag, which varied from run t o  run a;?d 
even during d i f f e r en t  port ions of a run. The remainder was a t t r i b u t e d  t o  
a i r  drag, which i s  analyzed i n  more d e t a i l  i n  Appendix C.  
The second t e s t  package provided a capabil i ty for  rapidly pressurizing 
the t e s t  f l u i d  up t o  100 psqa and for  shielding the t e s t  f l u i d  container 
from the external  a i r  flow. bessu r i za t ion  permitted both the  system pres- 
sure and the t e s t  f l u i d  subcooling t o  be varied, while the air flow shield- 
ing permitted a more nearly constant value of (a/g), much closer t o  zero, 
to  be maintained during f ree  fa l l ,  
There are  two major components of the second t e s t  package: an outer 
package which serves as a pressure vessel, windshield, and mounting ~ c r u c t u r e  
for  fastenings and some j.nstrumentation; and an inner package which contains 
the t e s t  f l u i d  t e s t  surface, and addit ional  instrumentation. A sketch of 
t h i s  t e s t  package i s  presented i n  Fig. 5 .  
The inner package consists  of a 3 - l i t e r  s ta in less  s t e e l  beaker wrapped 
I n  f lbei-glass nla,t and t i n f o i l  i n su la~ ion ,  and a mounting p la te .  A hinged 
t e s t  surface srlpport i s  located on the mounting plate,  and provides positive 
positioning of the t e s t  surface for a l l  t e s t s .  A solenoid operated release 
permits the t e s t  surface t o  be placed i n  the t e s t  f luid from a remote loca- 
t ion with the outer package sealed and pressurized. Support chains which 
position the inner package p r io r  t o  a f r e e - f a l l  t e s t  a r e  a l so  attached t o  
the mounting p la te .  
The outer package i s  a 14-inch diameter cylinder 36 inches long, blunted 
U-1 the lower end and f la t  on the upper end. It provided a m i n i m  of 1-inch 
rad ia l  clearance between the  inner and outer packages and a l s o  between the 
outer package and the s ides  of the drop tover, and a 6-inch ve r t i ca l  clear-  
ence fo r  the suspended inner package. 
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Fig*  5.  Second test package. 
The i n i t i a l  weight of the  combined inner and outer package w a s  approxi- 
mately 75 pounds, which was too low to provide acceptable i n i t i a l  impact be- 
havior with the buffer syatem. No f'urther modifications were prac t ica l  with 
the exis t ing buffer system, so suff ic ient  ba l l a s t  was added t o  the outer 
package t o  bring the  t o t a l  weight up t o  approximately 135 pounds. 
The removable cover of  the outer package was made i n  two sections. One 
section provided access t o  the i n t e r i o r  of the  package, and the other sec- 
t ion  provided a mounting locat  ion f o r  f i t t i nga ,  connections, and instrumenta- 
t ion.  Ikessure was controlled through a quick-disconnect pressure f i t t i n g  
and a pressure r e l i e f  valve, and monitored with a s t r a i n  gauge type pressure 
transducer. A view of the cover showing the pressurizing hose attached t o  
the quick-disconnect f i t t i n g  i s  shown i n  *ig. 6. 
For f ract ional  gravity t e s t s ,  the  inner package is placed on thecush- 
ion material i n  the bottom of the outer  package. This cushioning serves 
t o  reduce the impact f e l t  by the inner package when the outer package first 
contacts the buffer. 
For f r ee - fa l l  t e s t s  the inner package is  positioned midway between the 
top and bottom of the  outer package by means of  the  support chains. The 
upper ends of these chains a re  fastened t o  the  bottom of a T-shaped bar vhich 
i n  turn  r e s t s  on a spring-loaded f r i c t i o n  catch. When the outer package is  
dropped, the force between the T-bar and the  catch goes t o  zero, and the 
spring re t r ec t s  the catch. This allows the  inner package t o  f l o a t  f r ee ly  
within the outer package. 
F i g .  6. Pressure cover on second t e s t  package. I 
The posit ion of the inner package re la t ive  t o  the outer package was 
monitored C;uring several drops, and it was observed tha t  the inrler package 
moved up about one inch during the drop. This was a t t r ibuted  t o  an i n i t i a l  
upward impetus supplied by the e l a s t i c  energy i n  the support chains as the 
load decreased t o  zero. The re la t ive  motion downward which was anticipated 
due t o  increasing a i r  drag did not become large enough t o  overcome t h i s  
i n i t i a l  upward motion during the 1.4 seconds of f ree  f a l l  which were avai l -  
able. This re la t ive  motion had no ef fec t  on t h s  measured value of (a/g). 
D. TEST SC'RFACES 
Previous work by Merte, - e t  a1 -- 3 ' 9  had established the f e a s i b i l i t y  of 
using a 1-inch diameter copper sphere as a dynamic calorimeter i n  boil ing 
l iqu id  nitrogen at  one ~~tmoaphere. This was chosen as the first t e s t  sur- 
face here f o r  i t s  inherent symmetry. Tq order to determine whether there 
were any s i ze  e f fec t s  with  a sphere, 1/2-iach and l/4-inch diameter copper 
~ p h e r e s  were a lso tested.  Although a limited amount of t e s t ing  st one 
at:llosphere w a s  performed with the 1/2-inch diameter sphere, nost of the 
sphere t e s t s  were performea with the  1-inch and 1/4-inch diameter spheres. 
The l-inch and l / ~ - i n c h  diameter spheres were supported on 1/16-inch 
diameter s t a in les s  s t e e l  rods (see Fig. 7), and the l/4-inch diameter 
sphere was supported by i ts  thermocouple wires. The 1-inch diameter sphere 
had three thermocouple holes d r i l l e d  into it. One was used for  a d i rec t  
measuring junction a t  the upper surface, one f o r  a d i f f e r e n t i a l  thermocouple 
90' along the surface from the d i rec t  measuring junction, and one f o r  a diP- 
Fig. 7. View of 1-inch diameter sphere with stainless steel support rod. 
f e r e n t i a l  themcoup le  a t  the center of the  sphere. The d i f f e r e n t i a l  thermo- 
couples used the  copper i n  the t e s t  object as the intermediate conductor be- 
tween the junctions, and so were fabricated of e, single 30-gauge constantan 
wire held i n  place 'by a drop of s o f t  solder. They were used only t o  ver i fy  
the accuracy of t h e  lumped approximation o r  t o  indicate the surface-to-center 
d i f f e ren t i a l  temperature wher. a d i  stri 'buted analysis was necessary. The 
wiring schematic fo r  the  1-inch diameter sphere i s  shown i n  Fig. 8. The 
1/2-inch and 1/4-inch diameter spheres were provided with single d i r ec t  meas- 
uring junctions only, and were otherwise similar  to  the 1-inch diameter 
sphere. 
The thermocouples used consisted of 30-gauge copper and constantan 
wires spark welded together and fasJ6ened tc the bottoms of the  d r i l l e d  
thermocouple holes with s o f t  solder.  A piece of polyethylene tubing was 
s l i d  over each pa i r  of thermocouple leads down t o  the bottom of the d r i l l e d  
holes. The tubing extended a short  distance from the sphere surface, where 
individual pieces of tubing were placed around each wire. The thermocouple 
holes were sealed with Glyptal, as were the p las t i c  sleeve joints.  The 
tubing served t o  prevent heat conduction from the thermocouple junctions 
t o  the l iqu id  nitrogen through the wire i t s e l f ,  and t o  provide extra  strength 
i n  the region where thermocouple wire breakage was most pro'bable. 
Much of the  experimental da ta  and analyses presented i n  the l i t e r a t u r e  
for boi l ing heat t ransfer  apply t o  f la t  surfaces. To determine what geomet- 
r i c a l  e f fec ts ,  i f  any, existed i n  conjunction with reduced gravity, a disk 
j inches i n  diameter and 13/16 inch thick was fabricated. The diameter was 
Fig. 8. W i r i n g  schematic of 1-inch diameter sphere. 
as large as could be f i t t e d  in to  the  3 - l i t e r  beaker while preserving suff ic-  
ien t  clearacce between the t e s t  surface and the beaker to  prevent the pres- 
ence of the  beaker from affect ing the  boil ing from the disk.  The thickness 
was a compromise between the desired t o t a l  heat capacity and the undesired 
temperature d i f f e ren t i a l s  within the  disk. The disk could be positioned i n  
any orientation,  so t h a t  possible differences i n  heat t ransfer  character is t ics  
between horizontally oriented and ve r t i ca l ly  oriented f l a t  pla tes  could be 
investigated. 
Electrolyt ic  tough pi tch copper w a s  chosen as the material for a l l  t e s t  
surfaces because i t s  properties were well documented down t o  temperatures 
below tha t  of saturated l iquid nitrogen at  one atmosphere. Because of the 
r e l a t ive ly  high thermal conductivity of copper, it w a s  possible t o  t r e a t  the 
ent i re  t e s t  objects as lumped systems i n  the film-boiling region. I n  other 
boiling regimes it was necessary to  consider each t e s t  object individually 
t o  determine whether the lumped approximation was acceptable (see Appendix 
Dl. 
It was or ig ina l ly  intended that rad ia l  thermal i so la t ion  be provided 
for  the disk t e s t  surface by machining several narrow, deep concentric 
grooves i n  the underside of the t e s t  surface. The machining properties of 
the e l ec t ro ly t i c  tough pi tch copper made t h i s  impossible with the available 
machine tools ,  so an a l te rna te  gridwork pat tern was chosen, as shown i n  Fig. 
9. This f igure  shows only the t e s t  surface portion of the disk; a disk of 
similar s i ze  ard construction is attached t o  the backside t o  provide a 
plane of symmetry and t o  prevent the l iqu id  nitrogen from contacting the 
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Fig,. 9. Disk for transient heat transfer measurements. 
thermocouple junctions directly. A mall gap at the center plane further 
isolates the two disks. Five thermocouple locations were provided as indi- 
cated. 0n.e was a direct-measuring junction located at the center of the 
test surface. The other four were differential thermocouples located as 
shown in Fig. 9 .  The differential thermocouples were used only to verify 
the validity of the lumped approximation in the film-boiling region. Copper 
and constantan thermocouples, spark welded together and fastened in place 
with soft solder, were used. 
The disk was supported at two places on the periphery 'by stainless 
steel straps. Any desired test surface orientation (e. g., horizontal heat- 
ing up, horizontal heating down, or vertical) could be achieved 'by using 
the appropriate straps. 
E . INSTRUMENTATION 
1. Recording Equipment 
A Sanborn Model 120 four-channel recorder was used for recording thermo- 
couple, accelerometer, and pressure transducer outputs. This recorder has 
interchangeable preamplifiers so that low-level preamplifiers, AC-DC pre- 
amplifiers, or DC coupling preamplifiers could 'be used depending on the re- 
cording requirements. All of these preamplifiers are equipped with zero 
supression. The maximum sensitivity possi'ble with the low-level preamplifiers 
used for thermocouple output recording was 10 pv/mm. At liquid nitrogen tem- 
peratures one m corresponds to approximately 1°F when operating with maximum 
sensitivity. 
To minimize .the influence of possible d r i f t  i n  the recording system 
during a t e s t ,  it was cal ibrated against  a Leeds and Northrup 8662 potenti-  
ometer immediately before and a f t e r  eve j t e s t .  
The four channels were normally used f o r  recording t e s t  surface tem- 
perature,  pressure i n  the outer  t e s t  package, and two t e s t  f l u l d  temperatures. 
The t e s t  f l u id  bulk temperatures were measured a t  two d i f fe ren t  l eve ls  t o  
ver i fy  tha t  the  f l u i d  w a s  a t  a uniform temperature throughout, and a l s o  t h a t  
the t e s t  f l u id  f r e e  surface w a s  a t  l e a s t  1 inch above the top of the  t e s t  
object .  The Sanborn recorder a l s o  has provisions f o r  placing a timing mark 
on the record and t h i s  provided the  time base for  data  reduction. Other 
signals  indicating events such a s  duration of current flow (see Fig. 12)  o r  
solenoid operation can be superimposed on this timing record (see bottom 
trace,  Fig. 12 ) .  
2 .  Pressure Transducer 
A strain-gauge type force transducer ms used t o  measure pressure within 
the ou te r  package. A d i a l  face pressure gauge was cal ibrated t o  within 
'0.2 p s i  using a dead weight t e s t e r ,  and the pressure transducer w a s  then 
cal ibrated against  the pressure gauge. The nominal operating range of the  
transducer is  6-100 psig.  
3 Accelerometer 
A Kis t le r  Model 303 Servo-Accelerometer was used t o  monitor the  pack- 
age accelera t ions  under both f rac t iona l  gravi ty  and f r ee  f a l l .  The outgut 
from t h e  accelerometer was a v o l t ~ g e  which was recorded on the  Sanborn re-  
corder with the pressure and temperature records. The accelerometer was not 
used on every t e s t  but only on a se r i e s  of acceleretion t e s t s  which were 
used t o  ver i fy  the gravity levels  f o r  each of the counterweight masses 
tested.  The maximum resolution achievable i n  measuring (a/g) w i t h  the ac- 
celerometer i n  the range of zero gravity was of the order of +0.001. This 
l imita t ion was imposed by the noise leve l  i n  the  recording system including 
any sixty-cycle pickup. 
Calibration of the  accelerometer ms achieved 'by means of a special  
cali.bration f ix ture  constructed spec i f ica l ly  f o r  t h i s  purpose. The calibra- 
t ion  f ix tu re  permitted accurate and repeata.ble positioning of the accele- 
rometer over a l l  re la t ive  positions cf the measuring ax i s  of the accelerom- 
e t e r  and the nermal gravity vector. Thus (a/g) imposed on the accelerometer 
could be varied fzom +1 to  -1. A zero value of (a/@;) was  imposed 'by placing 
the accelerometer a t  90' t o  the  normal gravity vector. 
The voltage output from the accelerometer under cal ibrat ion conditions 
varied from +5. t o  -5.  volts  DC. In  order t o  avoid potent ia l  damage t o  the 
galvanometer i n  the Sanborn due t o  excessive voltage inputs when operating 
a t  maximum sens i t iv i ty ,  a s e t  of l imit ing diodes was ins ta l led  i n  the sys- 
tem. These limited the voltage which the Sanborn could see t o  a level  which 
would not overload the galvanometer. It was possible t o  change the level  
a t  which these l imiting diodes acted so they could be used a t  the  various 
f ract ional  gravi ty  leve ls  (where the galvaname r;er was operating a t  reduced 
sens i t iv i ty )  as well as a t  f r ee - fa l l  conditions. 
4. digh-Speed Camera 
Many photographic studies have been made of the boi l ing phenomenan, but 
most of these a r e  studies of boil ing from horizontal o r  ve r t i ca l  pla tes  o r  
wires. I n  order t o  a id  i n  the understanding of boiling on a horizontal 
p la te  heating down and on a sphere, some addit ional  photographic coverage 
w a s  indicated. 
A high-speed framing camera ( ~ y n a f a x  Model 326) manufactllred by the 
Beclanan and Whitley Company was u t i l i zed  to obtain photographs of the boi l -  
ing  process at  (a/@;) = 1. This camera has a continuously variable framing 
r a t e  ranging from 200 t o  26,000 frames per second; a nominal value of 1000 
frames per second ~ms found to provide the best r e su l t s  fo r  t h i s  applica- 
t i o n  acd was used for  a l l  the d s t a  presented here. A maximum of 224 frames 
could be obtained on one film s t r i p .  
A sketch of the  t e s t  s e t l ~ p  u t i l i zed  i s  shown i n  Fig. 10. The water and 
f l a t  glass around the dewar eliminated most of the view dis tor t ion  caused 
by diff ract ion and substant ia l ly  reduced radiant heating of the l iquid ni- 
trogen by the high in tens i ty  l igh t s .  The black feZt provided good photo- 
graphic contrast f o r  the  t e s t  objects.  
The exposures appeared a s  two para l le l  sequences wi.th 16 mrn f i l m  spac- 
ing  on a sing2.e s t r i p  of 35 mm f i l m .  After developing, the f i l m  was s l i t  
and splice6 t o  provide one s t r i p  of f i l m  sui table  fo r  use i n  a standard 16 
mm projector. It was thus possible to  examine the film-boiling phenomena 
both on a frame-by-frame basis and by continuous projection. 
Black Felt Liquid Nitrogen and 
Background Test ObJect 
Unsilvered  ransp spa rent ) 
I 1 / Glass Dewar 
\ Flat Glass 
\ High Speed Motion 
Picture Camera 
Fig. 10. Sketch of t e s t  setup for obtaining high-speed motion pictures. 
CHAFIIER 111 
TEST CONDITIONS 
Liquid nitrogen was used as the  t e s t  f l u i d  f o r  t h i s  inves t igat ion be- 
cause it is  a n  ineqens ive ,  r ead i ly  avai lable ,  easy t o  handle cryogenic 
l i qu id  with well  known physical propert ies .  It w a s  s tored i n  a dewar a t  
one atmosphere sa tu ra t ion  conditions ( -321 .2 '~  a t  14.7 p s i a )  . 
The e f f e c t s  on bo i l ing  heat t r ans fe r  of varying (a/g) between 0 and 1 
have been reported by Merte, -- e t  al.,19 f o r  the  1-inch diameter sphere with 
sa tura ted l i q u i d  nitrogen a t  one atmosphere u s i ~ . g  the  f irst  t e s t  package. 
Values of (a/g) of 1.0, 0.6, 0.33, 0.2: and f r e e  f a l l  ( fo r  these  t e s t s ,  
f r e e  fa l l  corresponded t o  0.01 < -@/g) < - 0.03) were used. A predicta'ble 
change i n  heat  t r ans fe r  r a t e s  at  a given ATsat was observed t o  occur f o r  
(a /g)  between 0.2 and 1.0.  Therefore, only one value of (a/$) between 0 
and 1 w a s  chosen f o r  the  present invest igat ion.  The value chosen was ob- 
ta ined 'by using the empty counterweight, and was found to vary with 'both 
the test  package and the  t e s t  object .  The experimentally measured values 
were : with the  f i rs t  t e s t  package anl a spher ica l  t e s t  surface, (a/g) = 
0.20; w i t h  tlhe second t e s t  package ar,d a spherict.tl t e s t  surface ,  (a /g)  = 
0.17; wi th  t h e  second test package and a f lat  t e s t  surface (d i sk) ,  (a/g)  = 
0.16. These var ia t ions  occurred because of  the  d i f ferences  i n  weights of 
the two test packages and of t he  d i f f e r en t  t e s t  05Jects .  The f r e e - f a l l  
t e s t s  performed using the  second t e s t  package provided measured l eve l s  of 
(a/g) of 0.001k0.001. 
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I n  order t o  perform t e s t s  using subcooled l iquid ,  it was necessary t o  
r a i se  the  sa turat ion temperature of t h e  nitrogen without r a i s ing  the 'bulk 
temperature. This w a s  accomplished by pressurizing the second t e s t  package. 
After pressure t e s t i n g  the second t e s t  package t o  100 psig, it was  decided 
t o  l i m i t  t e s t  pressures t o  60 psig, o r  5 atmospheres absolute. This provided 
a maximum stlbcooling of approximately 32'F. An intermediate value of 30 
psig, o r  3 atmospheres absolute, provided a maximum subcooling of approxi- 
mately 20°F. I n  practice, considera'ble deviation from these maximum values 
was observed. The bulk temperature of the l iqu id  nitrogen w a s  monitored a t  
two d i f f e ren t  locations during each t e s t ,  and it was found t h a t  the l iqu id  
frequently increased i n  temperature a few degrees between the time t h a t  pres- 
sur iza t ion  w a s  completed and the time t h a t  the  t e s t  was ac tua l ly  run. Some 
of the reasons for t h i s  a r e  the convective heat t r ans fe r  'between the re la -  
t i v e l y  w a r m  gas i n  the  t e s t  package and the l i qu id  nitrogen, and the f a c t  
t h a t  when the t e s t  object  i s  placed i n t o  the :Ii.quid n i t r ~  den, the  vapor 
created at  the  surface of the t e s t  object  recondenses in to  the  'bulk l iquid ,  
with a corresponding addit ion of heat t o  t h i s  l iquid .  When the  t e s t  o'bject 
was the  1-inch o r  l/h-inch diameter sphere, the  l iqu id  was within a few 
degrees of  the  nominal maximum possi'ble subcooling. With the  disk, because 
of i t s  la rger  thermal mass, some nominally subcooled t e s t s  were made with 
the  l i q u i d  nitrogen within a few degrees of s a t ~ r a t i o n  temperat.ure, and sat- 
urated l i qu id  temperature mec,surements indicated s ign i f ican t  amounts of 
superheat i n  a few cases. The degree of subcooling was approximately con- 
s t an t  during a t l  ' n with the  exception of the  f u l l  temperature range 
(a/@;) = 1 data  where, pa r t i cu l a r ly  i n  the  case of t h e  disk, as much as 18' 
var ia t ion  i n  indicated subcooling w a s  observed. The exact subcooling, o r  
range o f  su'bcooling, f o r  each t e s t  is  included i n  Appendix A. Nominal values 
of l5OF a't 3 atn,ospheres and 25OF a t  5 atmospheres were observed f o r  most 
t e s t s .  
To determine which o b ~ s r v e d  changes i n  boi l ing cha rac t e r i s t i c s  were due 
so le ly  t o  subcooling ef'fects and wrl i~h were due t o  pressure var ia t ion,  a l l  
subcooled t e s t s  were repeated a t  the  same pressures under sa tura ted condi- 
t ions. 
When gaseous ni trogen w a s  used t o  f l u sh  out the  t e s t  package and pres- 
sur ize  the  l i q u i d  nitrogen, it reached equilibrium at  the  new sa tura t ion  
conditions i n  approximately 5 minutes, aided by condensation of the  pres- 
sur iz ing  gas. When t h e  vessel  was first flushed and then pressurized w i t h  
gaseous helium, the l i qu id  temperature increased very slowly toward the  new 
equilibrium point ,  so  t h a t  sa tu ra t ion  conditions were not reached f o r  a l -  
most 30 minutes. Consequently, helium gas was used as the  pressur iz ing 
medium f o r  a l l  subcooled bo i l ing  t e s t s ,  and nitrogen gas was used as the 
pressurizing medium f o r  a l l  sa tura ted bo i l ing  t e s t s  a t  elevated press7Lres. 
S i x  d i f f e r e n t  t es t  surfaces were employed during the  t e s t i ng :  the  1-a 
inch, 1/2-inch, and 1/4-inch diameter spheres, and the  3-inch diameter d i sk  
i n  the  v e r t i c a l ,  hor izonta l  heat ing up, and hor izonta l  heat ing down posi- 
t ions .  A l l  of the  ava i lab le  combinations of (a/g),  subcooling, and pressure 
were not used w i t h  every test object .  The conditions under which heat  t rans -  
f e r  d a t a  were obtained fo r  the  various test surfaces a r e  summarized i n  
Table I. For the disk, only f i l m  bo i l ing  data  a re  reported, although a 
few runs were made i n  the  nucleate boil.ing region. The difference between 
t h e  first t e s t  package and the second t e s t  package i s  s ign i f ican t  ouly f o r  
f r e e  fa l l ,  where a large differenc e i n  the measured values of (a/g) ex i s t s .  
The high-speed photographs which were obtained of the  boi l ing phenomena 
were l imited t o  one atmosphere saturated cond:'ticns a t  (a/g) = 1 using 
l iqu id  nitrogen. The photographs were taken because of questions which 
arose a f t e r  examination of the film-boiling heat  t ransfer  r e su l t s  with the  
disk, so the  disk was photographed i n  the  ver t ica l ,  horizontal  heating up, 
and horizontal  heating down positions. The 1-inch diameter sphere was 
photographed t o  provide f i l m  boi l ing coverage f o r  anot;.er geometry fo r  com- 
parison purposes. Separate sequences were obtained f o r  each t e s t  surface 
a t  values of ATsat of 100°F, 200°F, and 300°F. 
TABLE I 
SUMMARY OF TEST CONDITIONS 
Test P, atm: 1, Saturated 3, Saturated 3, Subcooled 5 ,  Saturated 5,  Subcooled 
Object a/g: 1.0 0.6 0.33 0.2" 0 1.0 0.2" 0 1.0 0.2" 0 1.0 0.2* 0 1.0 0.2" 0 
l-inck 
sphere 
1/20 inch 
sphere x 1 
1/4- incii 
sphere 
Disk, 
heating up 
Disk, 
heating down 
Disk 
ver t ical  Y Y Y Y Y Y Y Y 3- Y Y Y Y Y Y 
Note: Data obtained using second t e s t  package except as  indicated: 
x - includes some data in  t!.- transition, peak and/or nucleate boiling region as  well as  film boiling 
data 
y - fiirs boiling Gata only 
*a/g value of 0.2 includes da-:a a t  0.16 and 0.17 as  well. 
l ~ a t a  taken v i th  f i r s t  t e s t  package. 
' ~ a t a  taken with both f i r s t  t e s t  package and second t e s t  package. 
CHAPTER IV 
TEST PROCEDURES 
One t e s t  o r  t e s t  run includes a l l  of the operations necessary t o  obtain 
one time vs. temperature record for a t e s t  surface which has been immersed 
i n  l iquid nitrogen. A standardize4 t e s t  procedure was prepared wi th  appro- 
pr ia te  modifications t o  s a t i s f y  individual t e s t  requirements. Operations 
common t o  a l l  t e s t s  included cleaning and preparation of the  t e s t  surfece, 
instrumentation calibration,  and t e s t  surface immersion. Tests under frac- 
t iona l  gravi ty  required the use of the counterweight system wi th  the inner 
t e s t  package attached to t h e  outer vessel,  I n  the f r e e - f a l l  t e s t s  the inner 
t e s t  package i s  suspended within the outer vessel pr ior  t o  being dropped. 
Pressurized tek ts  required flushing and pressurizing of the outer vessel.  
A t  the beginning of each day's tes t ing,  the t e s t  surface was cleaned using 
copper polish to renrove any tarnish o r  other corrosion. Additional t r e a t -  
ment wae limited to earem washing of the t e s t  surface wi th  reagent grade 
acetone pr ior  t o  cscb csst t~ remove any contamination deposited by hand- 
l ing.  A t  completion or a test the t e s t  obJect was a t  l iqu id  nitrogen tem- 
perature and had t o  be heated to  room temperature before another t e s t  could 
be made. A Je t  of high-pressure l i n e  air was directed on the surface of the 
t e s t  object  to  hasten this heating. The 1/4-inch diameter sphere did not 
require t h i s  assistance $0 return it t o  room temperature rapidly. 
A Leeda and Northrup 8662 potentiometer, which was calibrated against 
an in te rna l  standard c e l l  every hour during tes t ing,  was used t o  supply a 
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voltage source f o r  ca l ib ra t ion  of the  instrumentation. A r e s i s t o r  i n  each. 
c i r c u i t  used fo r  thermocouple cal ibrat ions  was adjusted t o  duplicate the  
res is tance of the thermocouple wires, so t h a t  the voltage drop from the 8662 
potentiometer w a s  matched to  t h a t  from the thermocouple. This cal i 'brat ion 
procedure was performed immediately before and imnediately a f t e r  every t e s t  
f o r  ever+ thermocouple being used. Normally the  cal ibrat ions  were consistent;  
when they were not, the  average of the two cal ibrat ions  a t  each increment of 
voltage was used i f  the changes were minoq, o r  the t e s t  was discarded. 
The pressure transducer provided a l i nea r  voltage-pressure re la t ionship 
over i ts  operating range, so standard se t t i ngs  on the Sanborn recorder were 
used to  provide the  required calibrat ions f o r  each run. Pressure was a l s o  
cali 'brated immediately before and immediately a f t e r  each run, 
The accelerometer was calibrated using the  cali 'bration f ix tu re  as d ~ -  
scribed i n  Chapter XI. It was necessary t o  include a voltage l imi t ing  diode 
c i r c u i t  i n  the output from the accelerometer. If the  voltage t o  the San- 
'born re corder were no,t l imited, the in te rna l  galvanometer would 'be su'b jected 
t o  excessive current  flow a t  (a/g)  = 1 and upon impact with the  recorder s e t  
a t  the desired s e n s i t i v i t y  leve l  t o  monitor the  f r ac t iona l  gravi ty  o r  f r e e  
fa l l .  Potent ia l  damage t o  the pen o r  the gelvanometer windings was pre- 
vented by use of the  voltage-limiting c i r c u i t .  
The accelerometer w a s  used only on dummy runs (no o tzer  instrumentation 
Zunctioning, although physical s imil i tude was maintained) t o  es tab l i sh  the  
value of (a/g) f o r  each par t icu la r  combination of t e s t  package, t e s t  object ,  
and ( i f  used) counterweight. All four channels of the  Sanborn recorder were 
required f o r  other  varia.bles ( three  temperature4 one pressure ) during the 
t e s t  runs. 
Time reference was supplied by a pen def lect ion which occurred every 60 
cycles of l i n e  current.  The recorder s t r i p  char t  veloci ty  was assumed t o  
be constant between pen deflect ions a s  long a s  the  def lect ions  were equally 
spaced ( t h i s  was the case except for  a s t a r t i n g  t ransient  when the  chart  
drive w a s  i n i t i a l l y  engaged). 
Preparation f o r  a t e s t  was i n i t i a t e d  by f i l l i n g  the  s i z in l e s s  s t e e l  
beaker with l iqu id  nitrogen from a portable 25-l l  t e r  dewar. The t e s t  surface 
was cleaned with reagent grade acetone, and placed i n  posit ion f o r  immersion 
i n  the nitrogen. For a f r e e - f a l l  t e s t ,  the  inner package was suspended from 
the spring-loaded pawl attached t o  the outer  t e s t  package. For a f rac t iona l  
gravity t e s t ,  the in1 package was placed on the  bottom of the outer  tes t  
package. The thermocouples and the  pressure transducer were c a l i  lsrated. The 
pressure r e l i e f  valve was placed i n  the open posi t ion and the  'cover on the  
outer  package w a s  bolted down. The t e s t  package was ra i sed  t o  i t s  release 
posit ion using the hois t ,  and the  release stud was engaged i n  the  solenoid 
operated re lease  mechanism. The hois t  cable was detached and the  package 
was ready f o r  e i the r  pressllrization o r  immersion of the  t e s t  object .  
The l i qu id  nitrogen was i n i t i a l l y  a t  one atmosphere sa turated condi- 
t ions.  For elevated pressure saturated t e s t s ,  dry  gaseous nitrogen w a s  used 
as ths- pressurizing medium. The pressure wac mnonitored and min ta ined  
within fl p s i  of the  desired pressure u n t i l  the  l iqu id  temperature (a l so  
monitored) s tab i l ized  a t  saturat ion.  Saturat ion conditions were ver i f ied  
by comparing the  ac tua l  a d  tabulated saturat ion temperatures f o r  the de- 
s i red  pressure, and by observing t h a t  a small change i n  t e s t  package pres- 4 
sure was accompanied by a small change i n  l iqu id  temperature. The system 
was then ready f o r  immersion of the t e s t  object .  
For subcooled t e s t s ,  dry  gaseous helium was used as the pressurizing 
medium. As soon as the desired pressure was reached, the system w ~ s  ready 
for  immersion of the test object .  
The t e s t  object  was %hen immersed i n  the  l i qu id  nitrogen. For the  pres- 
surized t e s t s ,  the  pressure w a s  continuously monitored and maintained at  the 
desired l eve l  +-1 p s i .  Short ly before the ant ic ipated drop time, the Sanborn 
chart drive was engaged, and when the t e s t  surface reached a predetermined 
temperature, the  Lest package was released. After the package impacted on 
the buffer ,  the chart  drive was disengaged and the instrumentation r eca l i -  
brated. 
For the high-speed motion pictures of f i lm 'boiling at  (a/g) = 1 the 
f l a t  walled glass  tank ( ~ i g .  10) was f i l l e d  with water and the unsilvered 
glass dewar f i l l e d  with l iqu id  nitrogen. Illumination and camera focus 
were checked, and the  thermocouple recorder was cal ibrated.  
The high-intensi ty l i g h t s  were not turned on u n t i l  the  t e s t  object  had 
been placed i n  the  3.iquid nitrogen, t o  l i m i t  radiant  heating, When the  t e s t  
surface temperature reached a predetermined level ,  the  camera shut te r  was 
opened. The exposure time used provided 60 tcl 80 frames of  f i l m  boil ing.  
The remainder of the unexposed frames were used tc photograph the  nonboiling 
s t a t= ,  immediately following the  run, and served t o  indicate  the  precise 
location of the heater eurface, which was obscured while boiling was taking 
place. 
CH4FTER v 
DATA REDUCTION 
The following sections describe the techniques used i n  obtaining from 
the r a w  data the  numerical values of time, temperature, pressure, accelera- 
tion, saturat ion temperature, heat flux, Nusselt number, and modified Ray- 
leigh number. The procedure used i n  reducing the photographic r e su l t s  i s  
described. Also included f o r  each measured parameter i s  an estimate of the 
errors involved. 
A. TIME 
Time was obtained on a r e l a t i ~ r e  basis only and w a s  used a s  a reference 
and correla t ing parameter. A l l  data (except photographic) a r e  referred t o  
a zero reference time which was taken as occurring 3.8 seconds before t e s t  
package impact when the data permitted. This allowed up t o  2.4 seconds of 
(a/g) = 1 data t o  be reduced i n  addition t o  the f r ee  f a l l  or  f ract ional  
gravity data. The time indication was provided by timing marks on the San- 
born recorder ( ~ i g s .  11 and 12) .  
The location of the  timing mark on the s t r i p  chart could be read t o  
within k0.2 mm. A t  the normal chart speed of 100 m/second, t h i s  corresponds 
to  40.002 second. It was necessary to interpo'ate bstween the 1-second 
marks t o  obtain the times a t  which the  temperatures were read. T >se in te r -  
vals varied from 0.2 second i n  the film-boiling region t o  l e s s  t h a i  05 
second i n  the peak heat f lux  region. The in te rva ls  used were chosen so that  
Fig. 11. Typical oscillographic record of temperatures within 1-inc5 diameter 
copper sphere with film boiling of liquid nitrogen. (a/g) = 1. 
Fig. 12. Typical oscillographic record during free fall with nucleate 
and transition boiling. = 0. 
f o r  each in te rva l  the  value of ATsat (see Section V.F) w a s  approximately 
constant, but with no in te rva l  longer than 0.2 second. These in te rva l  m r k s  
could be read to  within k0.2 mm, o r  f0.002 second. The maxir;lum er ror  pos- 
s ib le  i n  time determination i s  fO.005 second, but probably w i l l  not  exceed 
kO.003 second. 
B. TEMPERATURE 
The output from the various thermocouples was recorded on Sanborn char ts  
i n  the form of pen def lect ion vs. time (see Figs. 11 and 12 ) . The recorder 
was cal ibrated f o r  the  rnillivolt range of in t e res t  both before and e,fter the  
t e s t  run. These cal ibrat ion mrks a r e  recorded a s  deflections which cor- 
respond to the  various calibration voltages, and thus t o  the thermocouple 
temperatures which would produce those voltages. The deflections correspond- 
ing t o  the mi l l ivo l t  cal ibrat ions  and data a re  measured and recorded a s  a 
function of time and converted t o  temperature values using the thermocouple 
cal ibrat ion curve derived fo r  the thermocouple wire which was used. 
One r o l l  each of copper and constantan 30-gauge thermocouple wire had /" 
been obtained and cal ibrated with a nitrogen vepor pressure cryostat,  a t  
the C02, and mercury freezing points, and the  steam point. The cal ibrat ion 
for  these par t icular  wires, rather than the standard copper-constantan con- 
version tables ,  w a s  used for  a l l  data  reduction. A l l  thermocouples were 
made from these two r o l l s  of wire. 
Sanborn recorder pen deflsctions could be determined t o  within k0.2 
mm, which corresponds t o  approximately +0.2OF a t  l iqu id  nitrogen temperatures 
when the  recorder i s  operat ing a t  nlaximum sens5t iv i ty .  This i s  taken t o  be 
the  e r r o r  i n  r e l a t i  ve temperature measurem.ents. To determine the  e r r o r  i n  
1 
absolute temperature measurement, l i qu id  ni trogen temperature mzasurements 
were made during every t e s t  s e r i e s  a t  one atmosphere, sa tura ted conditions. 
The l o c a l  pressure w a s  obtained from a barometer, and t h e  sa tura t ion  tern- 
perature of  the l i q u i d  ni trogen was determined from tablesJ7 t o  the  neares t  
O.l°F. The measured vt~lue  of the  l i q u i d  nitrogen temperature d id  not deviate 
from the  calculated temperature by more than +0.5OF, including reading e r -  
ro r s  a s  discussed above. This value, +0.5OF, is  t a k e n t o  be the  maximum 
e r ro r  i n  absolute temperature determination. 
C .  PRESSURE 
The pressure transducer w a s  ca l ib ra ted  t o  within 20.3 p s i  a t  30 ps ig  
and 60 ps ig ,  which were t he  nominal value? f o r  the  elevated pressure t e s t s .  
The Sanborn recorder pen def lec t ion  w a s  read t o  within -1-0.2 mm, which cor- 
responds t o  k0.2 ps lg  a t  30 psig, and a0.4 p s i  a t  60 psig.  The pressure a t  
which a run s t a r t e d  w a s  regulated manually t o  within +1 p s i  of the  nomiml 
pressure, and an attempt ?as  made to keep the  pressure on the  low s ide  of  
t h i s  range a t  the  start of the  t e s t .  I 
The durat ion of a t e s t  during f r a c t i o ~ a l  g rav i ty  conditions was so shor t  / 
1 
(< 2 seconds) t h a t  regula t ion of  pressure during t h i s  i n t e rva l  was  not con- 
sidered necessaly, since the  r e l a t i v e l y  l a rge  volume of t h e  container served 
t o  minimize the po ten t i a l  pressure r i s e  due t o  vapor generation, Pressure 
increased between the  time tha t  t h e  r e l i e f  valve was closed and the  time tha t  
I 
1 .  
the t e s t  package w a s  dropped, an2 values of t h i s  increase were as much as 1 
ps i  a t  3C ps ig  and 2 ps i  a t  60 psig. Measured ~ i u e s  of pressure t h e r e f ~ r e '  
varied from 43.3 ps ia  t o  46.3 p s i s  a t  a nominal 3 atmospheres (44.1 p s i a )  . 
The average value of the  pressure measured during a run was used f o r  calcula- 
t ions  f o r  that par t icular  run. 
D. SATURATION TEMPERATURE 
The saturat ion temperature was determined a s  a function of the pressure 
a t  the time of measurement. When saturated l iqu id  t e s t s  were being run it 
was possible t o  check the  tabulated value f o r  t h a t  pressure37 against  the 
value indicated by the  l iqu id  thermocouples. These values were found -to 
agree within the +O,5OF indicated above fo r  thexmocouple e r ro r  i n  absolute 
temperatvxe determination. For subcooled t e s t s  it was not possible t o  deter-  
mine sa tura t ion  temperature independently by the  thermocouple measurements, 
so it was necessary TO use the tabulated value corresponding t o  the  measured 
pressure i n  the t e s t  vessel .  Based on the r e s u l t s  obtained under saturated 
conditions, the  determination of sa t rxat ion temgerature under su'bcooled con- 
di t ions  i s  estimated t o  have the  same er ror ,  f . e . ,  k0.5OF. 
The value of Ts-Tsat, o r  ATsaty i s  subject  t o  +0.5'F er rors  i n  the 
determiration of 'both T, and TsatJ so t h a t  the  maximum e r ro r  i n  ATsat is  
E. ACCELERATION 
The f ix tu re  used t o  ca l ib ra te  the accelerometer measured the angle 'be- 
tween the  normal gravi ty  vector and the  sensi t ive  ax i s  o f  the accelerometer. 
The angular posit ion was known t o  within rn.0005 radian (posit ion locations 
were accurate t o  within 20.002 inch on the periphery of the cal ibrat ion 
disk, which i s  10 inches i n  diameter) and the direct ion of the normal grav- 
i t y  vector was determined t o  within *O.OOO5 radian (checked against s p i r i t  
levels  and the accelerometer i t s e l f ,  which has maximum posit ive voltage out- 
put a t  (a/g) = +1 and maximum negative voltage output a t  (a/g) = -1). 
The acceleration measured by the accelerometer i s  equal t o  the product 
of the  normal acceleration and the  cosine of the  angle between the normal 
acceleration vector and the sensit ive ax is  of the accelerometer. The max- 
imum e r ror  i n  the accelerometer measurement thus corresponds to  a maximum 
error  i n  (a/g) of k0.001. 
Two values of (a/g) were of primary in te res t :  those corresponding t o  
f r ee - fa l l  and t o  counterweighted drop u t i l i z i n g  the empty counterweight. 
The t e s t  package was prepared exactly a s  it would be fo r  a normal data-taking 
run except t h a t  none of the pressure and temperature instrumentation w a s  
used. The accelerometer was ins ta l led  and cali'bratec for  the region of 
in te res t ,  with the sens i t iv i ty  se t t ing  on the Sanborn recorder being deter-  
mined Sy the region being investigated (bigher sens i t iv i ty  was required for  
f r ee - fa l l  t e s t s  ) . 
Operation under f r e e - f a l l  t e s t s  revealed a noise level  f o r  the  accele- 
rometer-recorder system which corresponded t o  a level  of (a/g) of 0.001, 
owing primarily to  AC pickup. Reading er rors  i n  t h i s  range corresponded t o  
a var ia t ion i n  (a .g)  of k0.0002. The value of (a/g) measured during f ree  
f a l l  w a s  l e s s  than the A-C pickup, so it was read. a s  0.001+0.001, i . e . ,  l e s s  
than 0.002. 
No AC gickup problem exis ted with the  f r ac t iona l  gravi ty  t e s t s ,  and the 
e r r o r  corresponded t o  a var ia t ion i n  (a/g) of kO.001. me ac tua l  f r ac t iona l  
g rav i ty  t e s t s  revealed periodic f luctuat ions  about an average value of (a/g).  
These were a t t r ibu ted  t o  a spring-mass type coupling of the counterweight 
and t h e  t e s t  package with the s t e e l  ca'ble ac t ing  a s  a spring. This problem 
i s  discussed i n  more d e t a i l  i n  Appendix E. Reading und ca l ib ra t ion  e r ro r s  
were negligible compared with these oscil lat ions,  which l imited the accuracy 
of t he  determination of (a/g) t o  approximately kO.01 i n  the  range of (a/g)  
of 0.17. 
F. HEAT FLUX 
Heat flux, o r  ( q / ~ ) ,  was uetermined from a com'bination of the  propert ies 
of the  t e s t  o'bject and the quant i t ies  measured during - t h e  t e s t s .  A first  
law analysis  assuming a lumped system shows t h a t  the heat  f l u x  may .be ex- 
pressed a s  the  time r a t e  of enthalpy change of the t e s t  o'bject, or  
q = mdh nV dT 
A Aldt = A c p ( T )  - 
The heat  f l u x  can be calculated from the slope of the cooling data (temper- 
a ture  vs. t ime) and the  known 'body propert ies.  
TO determine the  value of c ~ ( T )  the experimental data  f o r  pure coTper 
were plot ted as Cp vs. T .  A curve was f i t t e d  .to these data ( ~ i g .  13) and 
Cp w a s  read d i r s c t l ~ l  as a function of T. The maximum deviat ion between the 
two s e t s  ~f experiments1 data  is estima%ed t o  'be l e s s  than 5$ below 2W0R, 
and l e s s  than 2$ above 2Q0°R. 
Experimental Data 
9 Ref. 38 
A Ref. 39 
Temperature, OR 
Fig. 13. Specific heat of copper. 
A system usually may be t rea ted  as a lumped system when the Biot Nmbzr 
i s  very small (see Appendix D ) .  I n  the  film-bciling region, t h e  Biot Number 
corresponding t o  the  t e s t  objects  used her: has an order of magnitude of 
0.005, so t h a t  the assumption of a lumped system i n  t h i s  region is  reason- 
able. I n  the  region near peak heat f lux  the  value of the B-Lot Number ap- 
proaches 0.2 and the systea may no long, be t rea ted  a s  lumped. For t h i s  
case it i s  necessary t o  use the form of' Eq. ( 5 )  where ( q / ~ )  i s  expressed i n  
terms of dh/dt, the r a t e  of change of t o t a l  enthalpy of the t e s t  object,  
since both T and c ~ ( T )  vary over the  volume of the t e s t  dbject .  
In the f i lm boiling region the value of dT/dt ranges from 1 t o  20°F per 
second, depending on the  t e s t  surface geometry, s i z e ,  and temperature. Only 
a small temperature change i s  covered i n  a single t e s t  with frac-cional grav- 
i t y .  The value of d2~ /d t "  i s  very small i n  the film-boiljng region i n  t h i s  
short time in te rva l ,  so t h a t  the  value of d ~ / d t  i s  considered constant for 
a par t icu la r  value of (a /g) .  
I n  the t r a n s i t i o n  and nucleate boil ing regian, the  value of d ~ / d t  was 
normally i n  the  10 t o  50°F per second range ( t o  200°F per second f o r  the  
1/4-inch diameter sphere) and d2T/dt2 was a l so  large.  A much higher data 
sampling frequency was u t i l i z e d  i n  reducing these data, and the  reduced 
data were punched i n t o  IBM cards. A computer program was writ ten f o r  the  
IBM 7090 t o  calcula te  the  values of ( q / ~ )  as a function of ATsat. The pro- 
gram t r e a t s  the  sphere as 10 concentric spherical  segments and u t i l i z e s  a 
f i n i t e  difference technique to evaluate the r a t e  of t o t a l  enthalpy change 
of the e n t i r e  system, using the measurements a s  input a t  the ou te r  s h e l l .  
The cr~l.ctllated difference i n  the tlempei:e.ture of *;he ephere at  the centw: and 
a t  t.Le surface was found t o  5e i n  gol:~d agreement with experimenta:~ly meas- 
ured values i n  the peak 11.eat f lux  region ( typica l ly  of the order o.f 2 or  
3 ' ~ ) .  The program included as output a plot  of input time vs. temperature 
data, a logarithmic p l ~ t  of (q/A) vs. ATsat (including a typical  p lo t  for  -the 
1-inch diameter sphere a t  (a/g) = 1 f o r  comparison purposes), and a plot of 
(q /A)  vs. time. Samples of the input t o  the computer a r e  shown i n  Fig. 14, 
and samples c f  the output from the computer a re  shown i n  Fig. 15. TOS-8 
i s  t h e  ident i f ica t ion  lbr the 1-inch diameter sphere. "R" indicates when 
the package was released. A flow diagram and l i a t i n g  of the program are  ir,- 
elided i n  Appendix D. 
The er ror  i n  the determination of (q/A) may be approximated by the 
errors i n  determining d ~ / d t .  The value d ~ / d t  i s  obtained by measuring the 
slope of the curve drawn through the time-temperature data points. I n  tke 
film-'boiling region, the d ~ / d t  fo r  the  l-inch diameter sphere and the disk 
wcre approximately equal, while the d~/d. t  f o r  the  1/4-inch diameter sphere 
under the same co~idit ions was spproximately s i x  times higher than it was 
for t h e  l-inch diameter sphere. The temperature could be read to  k0.2OF 
(see Section v.B), and the time could be rehd t o  k0.003 second (see Section 
V . A ) .  
The typical  increments of temperature and time, regardless of t e s t  ob- 
ject o r  boi l ing region, produced a maximum e r ro r  due t o  reading inaccuracies 
of &20$. The (q/A) vs. ATsat data were repeated .within t h i s  range fo r  most 
of the t e s t s .  Repeatability varied with the t e s t  obgect and boil ing region. 
RUN YO. 6061 1 I l U I 6 4 r  10s-0.  0 G1 HE PH. 4 5  P S I A S  S U I l C O M l l l G = l 7 F  
VOA = 
SM = 
(a) Tabular input. 
C.W3 0 . 5 0 0  I .OOO 
RELATIVE 1 I W E r  SECONDS 
W Y  Wr 6DC. # / 1 0 1 4 4 .  ICS-8 .  0 G. HE PA. 45 PSIA .  SURCOOLING*l7F 
(b) Cmuter plo t  of Input. 
Fig. 14. Typical iuput to computer. 
RUN t10. 606s 1f 10/64r TOS-8s 0 Gs HE PRO 45 PSIAs SUBCOOLING=17F 
TIE.  SEC T I M (  l)...TIK(451 
(a] Tabular output. 
Fig. 15. Typical output from computer. 
LOG ( 1 s - T S A T l r  DEGREES F 
RUN NO. bOG1 1 / 1 0 / 6 4 .  TOS-81 0 GI HE PR. 45 PSIAI  SUBCOOLING=17F 
(b) Heat f lux  vs. 
Fig. (continued) 
RELATIVE T I M E *  SECONDS 
RUN NO. 606, 1/10;64r 1 0 s - 8 9  0 GI HE PR. 45 P S I A ,  SUBCOOLING=l fF  
(c) Heat f lux  vs. time. 
F ig .  15 ( ~ o n c h d e d )  
A l l  1-inch diameter sphere data and the l/h-inch diameter sphere data with 
film ba i l ing  repeated within a few percent; the disk data seldom repeated 
t o  b e t t e r  than 516, and the nucleate boil ing data with the 114-inch sphere 
varied by 3 0 4  or  more, due primarily t o  tb.e very large r a t e  of change of 
temperature. 
G. NUSSELT NUMBER, Nu 
The Nusselt Number, (Fib/k), may be expressed i n  terms of the heat f lux  
and ATsat a s  follows: 
The value of ( q / ~ )  wa6 determined a s  indicated i n  Section V.F, D is a con- 
s t a n t  for  each t e s t  object and k,f and ATsat a re  functions only of the tem- 
perature of the t e s t  surface at  the  point where the heat f lux  w a s  evaluated. 
The term l / k v f ~ ~ s a t  was plotted as a function of ATsat. For a given ATsat 
and ( q / ~ ) ,  the Nusselt Number w a s  calculated using the appropriate value of 
the 'body parameter D. 
d. MODIFIED RAYLEIGH NUMBER, Rat f 
Natural convection heat t ransfer  data may be correlated1 by an equation 
of the form 
where the  product GrsPr is  known as the Rayleigh Number, Ra, and @ i s  the 
c o e f f i c i e n t  o f  volumetric expansion. Frederking40 has  expressed t h e  s i n g l e  
phase Rayleigh Number as 
~ r o m l e 9 7  c o r r e l a t e d  f i l m  b o i l i n g  hea t  t r a n s f e r  d a t a  with an equat ion of t h e  
which can a l s o  be w r i t t e n  a s  
= c E .a  In (12 j 
CpATsat 
The term i n  square brackets  i n  Eq. (11) serves  the  same funct ion  i n  corre-  
l a t i n g  f i l m  b o i l i n g  hea t  t r a n s f e r  d a t a  t h a t  t h e  Rayleigh Number se rves  i n  
c o r r e l a t i n g  n a t u r a l  convection heat  t r a n s f e r  data, and t h e r e f o r e  i s  r e f e r r e d  
t o  as a modified Rayleigh Nuaiber, R a t  . The term hkg t akes  i n t o  account a 
p o r t i o n  of t h e  superheat i n  t h e  vapor f i l m  as we l l  as t h e  hea t  requi red  t o  
vaporize t h e  l i q u i d ,  and i s  expressed as 
where C1 w a s  given as 0.4 by  ~ r o m l e ? ~  but  i s  now g e n e r a l l y  taken t o  be 0.5 
(e . g. , Refs. 19, 31). Frederking40 has  observed t h a t  when the  superheat 
1 hf 
CpATsat >> hfg, t h e  term + constant  as hfg + 0, and t h e  product 
- t CpA*sa t  CpATsat h 
R a  . -= reduces t o  t h e  o rd ina ry  s i n g l e  phase Rayleigh Number. This i n  
CpCTsat 
tu rn  becomes t h e  product of  G r  and Pr when, f o r  small ATsat, t h e  dens i ty  
d i f f e rence  i s  expressed i n  terms of  ATsat by means of t h e  i s o b a r i c  coe f f i c -  
i e n t  of thermal expansion. 
The modified Rayleigh Nunber may be w r i t t e n  as, 
If it i s  w r i t t e n  as the  product of t h r e e  ?erms, 
t h e  f irst  term i s  a constant  f o r  each t e s t  o b j e c t ,  while t h e  second term i s  
a funct ion  of AT and pressure .  A p l o t  o f  t h e  value o f  t h e  second term 
sat 
vs.  ATsat war; mde f o r  pressures  of  1, 3, 5 rt tm~spheres,  us ing  p r z p e r t i e s  
as given i n  Ref. 37 azld 41. 
I. PHOTOGRAPHS 
The high-speed photographs provided a means o f  obta in ing  t h e  vapor f i l m  
shape and th ickness  f o r  t h e  var ious geometries inves t iga ted .  This  permitted 
comparisons t o  be made o f  t h e  e f f e c t s  of  changing d i sk  o r i e n t a t i o n ,  geom- 
e t r y  and ATsat on t h e  vapor f i l m  shape and th ickness .  The t e s t  procedure 
l imi ted  coverage t o  P = 1 atmosphere, s a t u r a t e d  l i q u i d  condi t ions .  
The p h o t ~ g r a p h i c  d a t a  were obtained as seq7~ences of  negat ive frames on 
a 16 mm format.  A wire framework was placed near each t e s t  su r face  t o  pro- 
vide a measurement re ference .  The dimensions of t h e s e  frameworks, which 
appeared on a l l  photographs, were measured t o  f0.0005 inch.  
The negat ives  were back pro jec ted  onto a ground g l a s s  screen  with a 
magnif icat ion of  approximately 5 O : l .  A t r a c i n g  was made o f  t h e  t e s t  sur face  
f o r  each combination of  t e s t  sur face  and ATsa+. 
A sequence o f  approximately f i v e  frames was chosen f o r  each ,>ombina- 
t i o n  of  geometry, ~ r i e n t ~ a t i o n ,  and ATsat, and t h e  f i l m  o u t l i n d s  were super- 
imposed on t h e  t e s t  sur face  t r ac ing .  For t h e  sphere,  t h e  complet? f i l m  
su r face  was included; f o r  t h e  disk,  approximately f i v e  r ep resen ta t ive  po in t s  
a long t h e  su r face  were included. 
The f i l m  th icknesses  were measured on t h e  t r a c i n g s  and, using t h e  meas- 
ured reference  wire framework, cor rec ted  t o  absolu te  phys ica l  dimensions. 
The reading e r r o r  i n  these  measurements corresponds t o  i0.010 inch. An- 
o t h e r  source of unce r t a in ty  e x i s t s  i n  t h e  assumption t h a t  t h e  measured f i l m  
th ickness  i s  represen ta t ive  of f i l m  th ickness  a t  a l l  po in t s  on t h e  t e s t  su r -  
face .  Although shur t - l ived  protuberances were d e l i b e r a t e l y  avoided i n  
se lec t i r lg  r e p r e s e n t a t i v e  po in t s  a t  which t o  make the  measurements, those  
made on t h e  d i s k  give t h e  maximum f i l m  th ickness  along a chord. Measure- 
ments taken on t h e  sphere proba'bly i n d i c a t e  t h e  l o c a l  f i l m  th ickness .  
CHAPrER VI 
RESULTS 
A. GENERAL 
The experimental  r e s u l t s  a r e  presented under t h r e e  major headings: 
Film Boiling, Other Boil ing Regimes, and Photographic Resul t s  f o r  Film Boil-  
ing.  The r e s u l t s  included under the  f i r s t  two neadings a r e  presented on 
graphs showing t h e  r e l a t i o n s h i p  between heat  f l u x ,  ( q / ~ ) ,  and t h e  d i f fe rence  
between t h e  t e s t  ob jec t  temperature and t h e  s a t u r a t e d  l i q u i d  temperature, 
ATsat, f o r  t h e  o t h e r  va r i ab les  considered. The photographic r e s u l t s  of  f i l m  
b o i l i n g  a r e  presented as composite drawings of  vapor f i l m  th ickness  f o r  a 
sequence of frames. A l l  r e s u l t s  were obtained us ing  l i q u i d  n i t rogen as t h e  
t e s t  f l u i d .  "Saturated bo i l ing"  i s  used t o  i n d i c a t e  b o i l i n g  with a l i q u i d  
under s a t u r a t e d  condi t ions;  "subcooled b o i l i n s "  i n d i c a t e s  bo i l ing  w i t h  a 
l i q u i d  which has a bulk temperature lower than  t h e  s a t u r a t i o n  temperature.  
Comparison of h e a t  f luxes  f o r  t h e  d i f f e r e n t  varia 'bles i s  made by p l o t -  
t i n g  them a g a i n s t  ATsat. The use of  log-log coordinates  permits  the  d a t a  
t o  be presented conveniently over t h e  approximately two o rde r s  of  magnitude 
v a r i a t i o n  which was obtained f o r  both ( q / ~ )  and ATsat. A s tandard ( q / ~ )  vs. 
ATsat curve w a s  developed based c;; the  d a t a  obtained by Merte, e t  a1 
-" 9 
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w i t h  t h e  1- inch diameter sphere i n  b o i l i n g  s a t u r a t e d  l i q u i d  n i t rogen  a t  one 
atmosphere pressure  and (a/g) = I. This  curve, o r  a por t ion  of it, i s  i n -  
cluded on niost of  t h e  f i g u r e s  f o r  re ference  purposes. 
Variour t e s t  su r face  geometries and o r i e n t a t i o n s  were used, and t h e  
e f f e c t s  of these  v a r i a t i o n s  a r e  shown i n  t e r n s  of  ( q / ~ )  vs .  ATsat f o r  t h e  
f i lm bo i l ing- rek ine .  The pressure  and t h e  l l q u i d  subcooling were var ied ,  
and t h e  e f f e c t s  o f  t h e s e  on b o i l i n g  a r e  shown. The e f f e c t s  of changing 
(a /g)  i n  a d d i t i o n  t o  t h e  above v a r i a b l e s  a r e  shown. Only spher i ca l  t e s t  
sur faces  were used f o r  t e s t s  i n  b o i l i n g  regimes o t h e r  than   he f i lm-bo i l ing  
regime. 
The temperature behavior of a t e s t  sur face  a t  (a/g) = 1 i s  characterized 
by a "quasi-steady" change of temperature with time, i . e . ,  t h e r e  a r e  no d i s -  
continuous changes i n  t h e  s lope  of t h c  time-temperatilre curve.  When the  
t e s t  package i s  dropped, a d i s c o n t i n u i t y  i n  t h e  time-temperature curve i s  
observed, followed by t h e  establ ishment  of  a new quasi-s teady condi t ion  with 
a d i f f e r e n t  s lope  of t h e  time-temperature curve. The period of time 'between 
the  d i s c ,  n t i n u i t y  and t h e  new quasi-steady condi t ion  represents  a t r a n s i t o r y  
period between two l e v e l s  of (a/g), and i s  shown i n  t h e  f i g u r e s  .by a do t t ed  
l l n e  zonnecting two d a t a  po in t s .  
B . EXPERIMENTAL RESULTS 
1. Film Boil ing 
Fi lm b o i l i n g  d a t a  were obtained f o r  a l l  geometries, o r i e n t a t i o n s ,  su'b- 
coolings,  pressures ,  and a c c e l e r a t i o n s  which were inves t iga ted .  The e f f e c t s  
of each va r i ab le  except a c c e l e r a t i o n  on ( q / ~ )  vs.  ATsat a r e  presented i n -  
d iv iduai ly ,  and then  t h e  e f f e c t s  of  a c c e l e r a t i o n  on each of  t h e  o t h e r  v a r i -  
ab les  a r e  presented.  
a. The E f f e c t s  of Geometry and Or ienta t ion  
The ( q / ~ )  vs.  ATsat d a t a  a t  (a/g) = 1 f o r  s a t u r a t e d  f i l m  b o i l i n g  a t  
P = 1 atmosphere a r e  shown i n  Fig.  16 f o r  t h e  1-inch and 1/4-inch diameter 
spheres  and f o r  t h e  d i sk  i n  t h e  o r i e n t a t i o n s  designated as v e r t i c a l  (v), 
hor izon ta l  hea t ing  up (HU), and hor izonta l  hea t ing  down (HD), The po in t s  
shown f o r  t h e  1/4-inch diameter sphere and t h e  d i s k  include a l l  d a t a  ob- 
t a i n e d  under these  condit>j.ons. 
For a given ATsa%, t h e  value of  ( q / ~ )  f o r  t h e  1/4-inch diameter spbere 
i s  approximately 20qb higher than  t h e  corresponding vslue 01' ( q / ~ )  f o r  t h e  1- 
inch diameter sphere.  The heat  f l u x  f o r  the d i s k  I n  a l l  three or ienta t ior ia  
i-s approximately 1 0 6  higher  than  t h e  heat  f l u x  f o r  t h e  1-inch diameter 
sphere a t  t h e  same ATSat A l a r g e r  range in  r s r i a t i o n  of ( q / ~ )  a t  a given 
ATsat was g e n e r a l l y  observed f o r  t h e  d i s k  than  f o r  t h e  spheres.  Some of  t h e  
1,/4-inch dianieter sphere d a t a  p o i n t s  obtained a t  ATsat l e s s  than  80O~ may 
i n d i c a t e  t h e  beginning of the t r a n s i t i o n  boi l ing  region.  
b.  The Ef fec t s  of Pressure 
The (q/A) vs.  ATsat da ta  f o r  sa tu ra ted  f i l m  bo i l ing  a t  (a/g)  = 1 a r e  
shown i n  F i g .  17  f o r  t h e  1-inch diameter sphere a t  1, 3, and 5 atmospheres. 
For a given ATsat,, t h e  hea t  f l u x  i s  more than  4O$ higher  a t  3 atmospheres, 
and more t h a n  6O$ higher  a t  5 atmospheres, than  a t  1 atmosph e. 
Resul t s  obtained us ing  t h e  1/4-inch diameter sphere and t h e  d i s k  i n  a l l  
t h r e e  o r i e n t a t i o n s  a l s o  exhib i ted  a similar increase  i n  hea t  f l u x  wi th  i n -  
c reas ing  pressure  f o r  a given ATsat i n  sa tu ra ted  f i l m  bo i l ing .  
P = 1 atm 
( a l g )  = 1 
Fig. 16. Effects of geometry and orientation on saturated f i l m  boiling. 
1-inch Diameter  S p h e r e  
ATs& t, OF 
Fig .  17, Effect of pressure on saturated f i b  boiling. 
c .  The Ef fec t s  of Subcooling 
The ( q / A )  vs.  ATsat data a t  (a/g)  = 1 f i l m  bo i l ing  conditions with 5 
atmospheres pressure a r e  shown i n  Fig. 18 f o r  the  1-inch diameter sphere a t  
both sa tura ted and subcooled conditions. For these t e s t  conditions the  
use of subzooled l i qu id  increased the  heat f l u x  from the  t e s t  surface ap- 
proximately 50s over t h a t  obtained using sa tura ted l i qu id  a t  a given ATsat. 
Results  obtained a t  3 atmcspheres pressure with the  1-inch diameter 
sphere and a t  both 3 and 5 atmospheres fo r  the other  t e s t  surfaces were s i m -  
i lar. For a given ATsat, the  heat f l ux  ranged from 10$ t o  60$ higher w i t h  
subcooled l i qu id  than with saturhted l iqu id .  
d .  The Ef fec t s  of (a/g)  
The (q/A) vs.  ATsat da ta  a t  1 atmosphere f i lm boiling condttions a r e  
shown i n  Fig. 19a f o r  the  1-inch diameter sphere with (a /g)  = 1, (a/g) = 
0.17, and (a /g)  2: 0 ( f r e e  f a l l ) .  Two d i f f e r e n t  f r e e - f a l l  conditions a r e  
shown. A value of (a /g)  i n  the range of 0.01 t o  0.03 was measured using 
the f i r s t  t e s t  package i n  f ree  f a l l ,  and w a s  due primarly t o  a i r  drag. A 
value of  (a/g)  of 0 .001~0.001 was measured using the  second t e s t  package 
i n  f r e e  f a l l ,  the  decrease being due t o  use of the  inner f r e e  vessel  con- 
cept. A continuously decreasing heat f l u x  w a s  measured during f r e e  f a l l  
with t h e  second package. The heat f luxes obtained a f t e r  the  t r a n s i t o r y  
periods associa ted with the  change from (a /g)  = 1 t o  f r e e  f a l l  are shown a s  
two da t a  points  connected by a so l id  l i n e .  The point labeled "E" indicates  
the  e a r l i e s t  heat  f l u x  da ta  a f t e r  the  t r a n s i t o r y  period, and the  point 
labeled "L" ind ica tes  t he  last heat f l ux  da ta  obtained p r io r  t o  impact of 
1-inch Diameter Sphere 
P = 5 a t m  
(a/g) = 1 
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Fig. 18. Effect of subcooling on film boiling. 
Fig. 19. Effect of (a/g) on saturated film boiling on spheres. 
t h e  t e s t  package on the  buffer.  The s o l i d  l i n e  represents  intermediate 
values. 
The heat  f luxes measured a t  (a /g )  = 0.17 a re  approximately 60$ of those 
obtained a t  (a/g) = 1 f o r  a given ATsat. The heat f luxes a t  (a /g)  = 0.01 
t o  0.03 are approximately 35$ of those a t  (a /g)  = 1 f o r  a given ATsat. The 
heat  f luxes a t  (a /g)  < 0.002 show a large  amount of var ia t ion,  ranging from 
404 t o  l e s s  than 10$ of the  heat f l u x  a t  (a /g)  = 1 fo r  the  p o i ~ t s  1a.beled 
"E, " and a similar va r i a t i on  fo r  the  points labeled "L. " 
Film bo i l i ng  data  were obtained with the  1-inch diameter sphere a t  3 
and 5 atmospheres pressure a t  (a /g)  = 0.17 f o r  both sa tura ted and subcooled 
l i qu id .  Pita were a l so  taken f o r  the  subcooled case a t  elevated pressures 
and with f r e e  fal l ,  but not f o r  sa tura ted l i qu id  a t  higher pressures.  The 
r e s u l t s  obtained with subcooling were similar t o  those shown i n  Fig. lga ,  
i. e . ,  f o r  a given ATsat, a decrease i n  (a /g)  w a s  accompanied by a decrease 
i n  heat f lux .  The extremely low values of heat  f l u x  associated with f r ee -  
f a l l  conditions a t  1 atmosphere pressure ( ~ i g .  l g a )  were not observed w i t h  
t h e  higher pressure t e s t s  with suocooled l i qu id ,  the  average value of heat  
f l u x  a t  a given ATsat decreasing t o  approximately 25% of the  heat f l  lx a t  
(a/g) = 1, f o r  the  1-inch diameter sphere. 
The ( q / ~ )  vs. ATsat da ta  fo r  the  1/4-inch diameter sphere a r e  sho-m i n  
Fig. l g b .  The conditions were the  same as fo r  the  1-inch diameter sphere, 
i . e . ,  f i lm  bo i l ing  a t  F = 1 atmosphere with (a/g)  = 1, 0.17, and f r e e  f a l l .  
The e f f ec t s  of varying (a /g )  a r e  not as pronounced w i t h  the  1/4-inch diameter 
sphere as with the  1-inch diameter sphere. A t  (a/g)  = 0.17 the  heat f l u x  
i s  approximately 70$ (vs.  60$ with the  1-inch diameter sphere)  of the  heat 
f lux  measured a t  (a/g ) = 1 and the  same ATsat In  f r e e  f a l l ,  the heat f l u x  
i s  approximately 50$ ( v s .  35s  o r  l e s s  with the  1-inch diameter sphere) of 
the heat f lux  measured a t  (a/g) = 1 and the same ATsat. 
Single (¶./A) vs. ATsat da ta  po inJ~s  were obtained w i t h  the  l/b-inch di  - 
ameter sphere a t  (a/@;) = 0.17 a t  3 and 5 atmospheres with sa tura ted l i qu id .  
Results were obtained with subcooled l i qu id  a t  3 and 5 atmospheres a t  (a/g) = 
0.17 and f ree  fall. A l l  of these r e s u l t s  showed decreases i n  heat f l u x  wi th  
decreasing (a/g) a t  a given ATsat similar t o  those shown f o r  1 atmosphere 
saturated f i lm 'boiling. 
The ( q / ~ )  vs. ATsat, da ta  obtained with the  d i sk  i n  a l l  three  o r ien ta -  
t ions  a t  1 atmosphere f i l m  bo i l ing  conditions with (a/g) = l, 0.16, and f r ee  
f a l l  a r e  shown i n  Fig. 20. The var ia t ion  of heat  f l u x  a t  a given ATsat o t  
serve3 a t  (a/g)  = 1 (qu i t e  l a rge  when compared with the  var ia t ion  of heat  
f lux obtained using the  1-inch diameter sphere)  msy be indicat ive  of the  
var ia t ion  of heat f l u x  t o  be an t ic ipa ted  a t  (a/g) = 0.16 and f r ee  f a l l .  One 
point w a s  o'btained fo r  each or ien ta t ion  and ATsat a t  (a/@;) = 0.16 and f ree  
f a l l ,  so no var ia t ions  could be observed. 
The heat f luxes  measured a t  (a /g)  = 0.16 and f r e e  f a l l  were always l e s s  
than those a t  (a/g) = 1. This w a s  a l so  observed at pressures of 3 and 5 
atmospheres using both sa tura ted and subcooled l iqu id .  However, no consis- 
t en t  o r ien ta t ion  dependence i s  observed a t  any pa r t i cu l a r  value of (a/g), a s  
was noted a lso  a t  (a /g)  = 1 ( ~ i g .  16)  (e .g . ,  although the  heat f l ux  from 
the  v e r t i c a l  d isk  a t  a  given ATsat i n  f r e e  f a l l  w a s  lower than t h a t  from the  
Fig. 20. Effect of (a/g) on saturated film boiling on disks. 
d i sk  hea t ing  up c r  heat ing down a t  1 atmosphere s a t u r a t e d  condi t ions,  t h i s  
w a s  not  t r u e  a t  5 atmospheres sa tu ra ted  condi t ions  ) . 
2 .  Other Boili.ng Regimes 
Time-temperature d a t a  were a l s o  obtained i n  t h e  minimum hea t  f l u x ,  
t r a n s i t i o n ,  peak hea t  f l u x ,  and nucleate  bo i l ing  and f r e e  convection regimes 
using t h e  s p h e r i c a l  t e s t  sur faces .  A l l  1/2-inch diameter sphere da ta  were 
repor ted  by Merte, -- e t  a l . l g  The l /k- inch diameter sphere d a t a  i n  t h e  peak 
heat f l u x  and nucleate  -boi l ing regimes a r e  su'bject t o  l a r g e  e r r o r s  owing t o  
the  ve ry  rap id  temperature t r a n s i e n t  a s soc ia ted  with the  small hea t  capaci ty"  
The v a r i a t i o n s  -in t h e  computed hea t  f l u x  assoc ia ted  with these  e r r o r s  ob- 
scure t h e  e f f e c t s  o f  t h e  t e s t  va r i ab les .  The experimental  d a t a  f o r  t h e  1/2- 
inch and 114-inch diameter spheres a r e  included i n  Appendix A .  
The heat  flux-ATsat d a t a  obtained with t h e  1-inch diameter sphere,  
which a r e  presented i n  t h i s  sec t ion ,  do not r ep resen t  coverage of t h e  var-  
i ab les  inves t iga ted  a s  completely a s  w a s  t h e  case i n  the  fi lm-'boil ing r e -  
gion. Jhphasis  i s  placed on present ing  t h e  e f f e c t s  of ( e /g ) ,  subcooling, 
and pressure  on b o i l i n g  on the 1-inch diameter w h e r e  i n  t h e  var ious regimes. 
a .  Minimum Heat Flux Boil ing 
A l l  of the  ( q / ~ )  vs.  ATsat da ta  po in t s  obtained with the  1- inch diameter 
sphere which appeared t o  have the  c h a r a c t e r i s t i c s  of  t h e  minimum heat  f l u x  
( ( q / ~ ) ~ ~ ~ )  a r e  presented i n  Fig.  21a f o r  s a t u r a t e d  b o i l i n g  a t  pressures  o f  
1, 3, and 5 atmospheres. A ( q / ~ ) , ~ ,  poin t  w a s  obtained when a change i n  
ATsat t o  e i t h e r  a l a r g e r  o r  a smaller  value was accompanied by an  increase  
Fig. 21. Effects of pressure and subcooling on ( 9 / ~ ) ~ ~ ~  and transition boiling. 
i n  ( q / ~ ) .  Each poin t  i n  Fig.  21a represents  t h e  ( q / ~ ) m i n  from a n  ind iv idua l  
t e s t  run. An increase  i n  ( q / ~ ) m i n  with inc reas ing  pressure  may be seen i n  
Fig. 21a. The value of  ATsat a t  which ( q / ~ ) , ~ ,  occurs,  (AT sat ) min' does 
not appear t o  vary with changes i n  pressure .  
The e f f e c t  of subcooling on ( q / ~ ) , ~ ,  i s  shown i n  F ig .  21b f o r  5 atmos- 
pheres.  The inf luence  of subcooling a t  3 atmospheres pressure  i s  similar. 
The ( q / ~ ) m i n  wi%h subcooling i s  between 50% and 100% higher  than  t h e  ( q / ~ ) m i n  
with s a t u r a t i o n .  Subcooling does not appear t o  a f f e c t   AT^^^)^^^. There i s  
no apparent  e f f e c t  of t h e  l e v e l  of subcooling i n  the  range of s ~ b c o o l j n g  
covered here.  
Merte and ~ l a r k , l Y  using a 1-inch diameter sphere, obtained ( q / ~ )  vs .  
ATsat da ta  i n  t h e  minimum hea t  f l u x  region  f o r  0 < (a/g) - < 1. No s p e c i f i c  e f  - 
f o r t  w a s  made t o  o b t a i n  d a t a  i n  t h i s  reg ion  a t  e levated  pressures  i n  t h e  
course of t h e  present  work, but a l imi ted  amount of d a t a  were obtained.  Re- 
s u l t s  obtained with t h e  1-inch diameter sphere near t h e  minimum hea t  f l u x  
poin t  a r e  shown i n  F ig .  22 and ind ica te  t h a t  ( q / ~ ) m i n  i s  les-, than  2000 
~ t u / f t " - h r  f o r  ( a /g )  = 0.17 and s a t u r a t e d  condi t ions a t  3 and 5 atmospheres, 
l e s s  t h a n  LOO0 ~ t u / f t ~ - h r  f o r  ( a /g )  = 0.17 and subcooled condit ions a t  3 
and 5 atmospheres, and l e s s  than  2000 ~ t u / f t ~ - h r  f o r  f r e e - f a l l  and sub- 
cooled condi t ions a t  3 and 3 atmospheres. Nc s a t u r a t e d  b o i l i n g  d a t a  were 
o'btained a t  f r e e  f a l l  a t  3 and 5 atmospheres. The d a t a  of  Merte and C.larklg 
a t  1 atmosphere a r e  a l s o  indica ted  on Fig.  22. 
b. T r a n s i t i o n  Boil ing 
Typical ( q / A )  vs .  ATsat d a t a  a t  (a/g) = 1 a r e  presented i n  F ig .  2 l a  
b 
- 
Liquid 
- P,atm (a /g )  Conditions Run No. 
I 
• 3 0.17 Saturated 64 0 
- 
5 0.17 Saturated 64 N 
- 
' 3  0.17 Subcooled 1 2 ' ~  64 E 
- 5 0.17 Subcooled 2 3 ' ~  64 H 
0 3 '0.092 Subcooled 15'F 59 D 
- 0 5 '0.002 S l 1 b c o o l e d 2 9 ~ ~  6 1 c  
1-inch Diameter Sphere 
- I 
I 
- 
- 
- 
- 
- 
- Reference Curve - 
Saturated Liquid 
0 
I 
P = 1 atm 
(a /g )  = 1 
- 
Ref. 19 ( a/g)= l  # 
(a /g)  =0.2 V- 0 
0 .0 l<(a /g ) f0 .03  -l - I I I l l  
fo r  the  t ~ ~ ~ n s i t i o n  b i l ing  regime with the  1-inch diameter sphere and sat- 
urated conditions a t  pressures cf 1, 3, and 5 atmospheres. Although the 
minimum and maximum heat  f l ~ u  increase with pressure the  e f f ec t  of pressure 
i.n the t r a n s i t i o n  region appears minimal, i f  any. Data obtained. i n  t h i s  
region with subcooled l i qu ids  a l so  appears t o  'be indist inguishable from t h a t  
fo r  a sa tura ted  l i qu id .  
A l imi ted amount of t r a n s i t i o n  boi l ing data  a t  (a/g) = 0.17 and f r e e  
f a l l  was obtained. These data  a r e  shown i,n Figs.  23, 24, and 2 5  m e n  the  
t e s t  plackage w a s  released a t  o value of ATsat l a rger  than that at  which 
peak hea t  f1l.x occurred, a decrease i n  ( q / ~ )  t o  some minimum value w a s  nor- 
mally o'bserved. This w a s  followed by an increase i n  (q/A) which was assumed 
t o  be t r a n s i t i o n  boi l ing.  If the  t e s t  package was releesed a f t e r  peak heat  
f lux  had occurred, t he re  were no indicat ions of t r a n s i t i o n  'boiling (e .g . ,  
Fi.6;. 23a) .  When the  test  package was released a t  a ATsat s l i g h t l y  higher 
thitn t h a t  a t  which peak heat f l ux  occurs, any t r a n s i t i o n  boi l ing which oc- 
curred a t  (a/@;) < l a l s o  occurred during the  t r a n s i t o r y  period (see Section 
VI.A) represented by tine dotted l i n e s  i n  the f igures  (t?.g., Fig. 24c ) .  A 
few of the  (a/g) = 1 data  poi.nts a r e  shown f o r  each t e s t  run i n  Figs.  23, 
24, and 25. The last da ta  point  obtained a t  (a/g)  = 1 pr io r  t o  t he  re lease  
of the t e s t  package i s  designated on the  f igures  by a n  "R." 
Fi,gures 2 3 ,  24, and 25 do not show any consis tent  t rends  i n  t r a n s i t i o n  
boil ing wi.th changes i n  pressure, subcooling, o r  (a/g ) . Transi t ion bo i l ing  
(defined here as any bo i l ing  where a decrease i n  ATsat i s  accompanied by an 
increase i n  ( q / ~ ) )  i s  observed over a large  range of ATsat between (&T,,~),~, 
ATsats OF 
Fig. 23. Effect of (a/g) on transition boiling at one atmosphere. 
Fig .  24. Effect of (a/g) on t ransi t ion boiling a t  three atmospheres. 
Fig. 25. Effect of (a/g) on transition boiling at five atmospheres. 
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Fig .  25 (concluded) 
and  AT,,^),, ( the  ATsat a t  which peak heat  f l ux  occurs)  a t  values of 
(a/g)  < 1 when i n i t i a t e d  by a change from t r a n s i t i o n  boi l ing a t  (a/g) = 1. 
The values of heat f l u x  f o r  a given hTsat  a t  (a /g)  .-' 1 a r e  l e s s  than the  
values of heat f l u x  a t  (a/g) = 1 by as much as an order of magnitude, but 
spec i f ic  decreases canaot be predicted.  The r e s u l t s  of Merte, -- e t  a l . ,  l9 f o r  
t h e  1-inch diameter sphere a t  1 atmosphere and (a/g) < 1 ( ~ i g .  23 )  l ed  t o  
the  same conclusions. 
c .  Peak Heat Flux Boiling 
The e f f e c t  of pressure on the  value of  the  peak heat, f lux,  ( q / ~ ) , ~ ,  
i s  shown i n  Fig. 26a f o r  sa tura ted l i qu ids  a t  pressure of 1, 3, and 5 
atmospheres. For any pa r t i cu l a r  t e s t  run, only those data  i n  the  v i c i n i t y  
of  the peak heat f l u x  a r e  shown. An increase i n  heat  f l u x  with increasing 
pressure i s  evident.  There does not appear t o  be any c lea r  influence of 
pressure on the ATsat a t  k-hich the  peak occurs,  AT,,^)^^. 
The e f f e c t s  of subcooled boi l ing on (q/~),x a r e  shown i n  Fig. 26a f o r  
pressures of 3 and 5 atmospheres. A d e f i n i t e  increase i n  the  value of 
(q/~),, i s  observed when subcooling i s  present,  but again there  i s  no t rend  
of ATsat a t  which the  peak occurs. 
The e f f e c t s  of  (a /g)  on peak heat  f l u x  i s  shown i n  Fig. 26b f o r  satu-  
ra ted  bo i l ing  a t  5 atmospheres. A decrease i n  (a/g) i s  accompanied by a de- 
crease i n  t he  peak heat  f l u x  and a s l i g h t  decrease i n  the  ATsat a t  which 
it occurs. The r e s u l t s  of  Merte, - e t  a1 -# 9 '9 f o r  the  1-inch diameter sphere 
a t  1 atmosphere showed (q/~),, decreasing with decreasing (a/g), as shown 
i n  Fig. 26b. A decrease i n  (q/~),, with decreasing (a/g-) was a l so  observed 
Fig. 26. Effects cf pressure, subcooling, and (a/g) on (q/~),,. 
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with subcoolzd b o i l i n g  (e .g . ,  Tes t  Runs Nos. ~ O D ,  G, 6 1 ~ ,  F, 6 4 ~ ,  I ) .  
d. Nucleate Boil ing 
Representat ive examples of t h e  ( q / ~ )  vs.  ATsat da ta  f o r  nucleate  bo i l ing  
on a I-inch diameter sphere a r e  presented i n  Fig.  27. The e f f e c t s  o f  pres-  
s u r e  on s a t u r a t e d  nuclea te  bo i l ing  a r e  shown. Except f o r  the  pressure- in-  
duced d i f fe rences  near t h e  peak hea t  f l u x  region, t h e  nucleate  boi l ing  curves 
a t  a given hea t  f l u x  d i f f e r  from t h e  reference  curve by  lesd than 2OF. 
Comparable v a r i a t i o n s  were found i n  the nucleate  boi l ing  curves obtained 
f o r  d i f f e r e n t  t e s t  runs a t  the  same pressure  of 1 atmosphere, and the  r e s u l t s  
presented here should not n e c e s s a r i l y  be i n t e r p r e t e d  as i n d i c a t i n g  any e f -  
f e c t  of pressure  on s a t u r a t e d  nucleate  bo i l ing  over  t h e  range inves t iga ted .  
A l a r g e r  v a r i a t i o n  i n  t h e  experimental  BTSat f o r  a given ( q / ~ )  w a s  found 
w i t h  subcooled l i q u i d ,  but no cons i s t en t  t r end  could 'be noted. 
Typical  r e s u l t s  o l  nucleate  bo i l ing  wit9 reduct ion  i n  (a/g) a r e  shown 
i n  Fig.  28. The last  d a t a  poin t  obtained a t  (a /g)  = 1 p r i o r  t o  t h e  r e l e a s e  
o f  the  t e s t  package i s  designated or1 t h e  f i g u r e  .by an  "R." There i s  no ap- 
parent  inf luence  of (a/g) on nuclea te  b o i l i n g  e i t h e r  with a s a t u r a t e d  
l i q u i d ,  as shown, o r  with subcooled l i q u i d s ,  not  shown ( e . g . ,  i n  Test  Runs 
Nos. ~ O C ,  F, 6 1 ~ ,  G, H, 6 4 ~ ,  r ,  K ) .  
e .  Natural  Convection 
The hea t  t r a n s f e r  regions of  prime i n t e r e s t  i n  t h i s  s tudy were those 
as soc ia ted  with boi l ing .  Operations with subcooled l i q u i d s  made i t  pos- 
s i b l e  i n  some cases  t o  make measurements with nonboiling n a t u r a l  convection 
tak ing  p lace .  The ( q / ~ )  vs. (T , -T~ ) d a t a  obtained a r e  presented i n  Fig.  29.  
Fig. 27. Effects of pressure and subcooling on nucleate boil%=. 
Fig. 28. Effect of (a/g) on saturated nucleate boiling. 
1-inch Diameter Sphere 
(a/g) = 1 
Fig. 29. Effect of pressure on free convection. 
There i a  m effec t  due t o  either presswe or &pee  o f  n&cooliw. No dab 
in t h i s  region were obtained for (a/g) Uaim %ban I. 
3,  Photographic Results for Film Boiling 
The resul ts  of film boiling from t t ~ e  disk preserited i n  Pig. 16 dPd not 
show acy influence o f  orientation on the grocasG, a% ataniaard grav%.tyY Work 
done by Class, -- et a1. , 36 has s b v n  a dcf i n i e  sexmiti v i t y  to orienb%ion 
(orients,tiuns used were: vertical, 43" heating up, a& b~rizonta2 heating 
up) for film b i l i n g  of  hydrogen oa a 22- ixh  b a g  gt*rij?, a ~ t k w h  %'he da$a 
of Heath and ~os t e l l o ,33  wfth f i l m  boillrg at high gravity, &$6 not indicate 
a sens i t iv i ty  t o  orfenta%ion. 
1% w a s  intui t ively fe l t  tha t  a t  leragt the adverse a f f e c t  czf tbe Prdy 
force i n  the horizontal orienkation facing downward sbuLd. g2ve rise $0 
dist inct  effects, "but t h i s  m s  mt the case, Zri s f f a r t  to &termin@ if 
the lack o f  any significant effect could be rela%ed ts the thl,cknes;n o f  the 
vawr f i l m ,  a ser les  of high-speed motion pictures w e  taken toe attemp% 
I 
measuremetits ~f %he vepor film thickness. The 1SquLd. used wae aatw@ted 
l iquid nitrogen at 1 atwsphere and all phofographb were taken at (a/g) = 1. 
The dtsk was p o ~ t t i o ~ e d  In  the vertical ,  hsrisoxntal batin@ upl and kogi- 
zontal heating down positions. The 1-inch dl8mteirr sphere also photo- 
graphed t o  provide ixrformation on the ei'%ct of geoma*t;ry on %be appeara~dk 
of f i l m  'boiling, 
Repreeentative ocnrposlte tracing of eeveral frames for each cod~14&m, 
C 
a t  various values o f  AT,%, are presented i n  each of Figs. 30, 31, 3 i ,  abl 
< 
33 for  the dlffaren-6; s r ; l s 4 n  and configurat;tons, The m~.ra,swem&mt;t3 /,a$ 
J 
* I  
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Fig. 30. Composite tracings of photographs of n u n  boiling on a sphere. 
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Fig. 33. Composite tracings of photographs of f i l m  boi l ing 
on a horizontal disk heating down. 
film thickness zcrrespmdirg t:, thae sha-vn sn the composite tracings 
are t'bulated in Appendix A.3. Selected film frames corresponding to those 
presented in the figures are included in Appendix A.2, The frames at each 
ATsat were spliced into continuous strips for viewing with a 16 mm pro- 
jector. Where appropriate, the results of visual examination of the boiling 
process (while the movies were being taken) are also indicated. 
The viewing angle used for the disk, parallel to the heating surface, 
gives the maximum film thickness across the entire face of the disk being 
observed. Any localized disturbance in the flow pattern at any point on the 
disk surface would result in the thickest film at that position being photo- 
graphed. Theref ore, the measured film thickness establishes only an upper 
limit for the local dimension, and does not represent the mean film thick- 
ness. The use of a composite of observations permits a more accurate as- 
sessment of ac mean film thickness than a single frame would. This is not a 
problem for photographs of the sphere for obvious geometrical reasons. 
a. One-Inch Sphere 
Film boiling on the l-inch diameter sphere, as shown in Fig. 30, is 
characterized by a thin film on the botton and sides of the sphere. The 
film is attached to the sphere up to about 60' from the top of the sphere, 
then becomes much thicker and quantities of vapor detach from the surface. 
At ATsat = 200°F, small waves can be identified on the lower hemisphere, 
and become quite prominent on the upper hemisphere below the point at which 
the vapor clearly separates from the sphere. At ATsat = 3W°F waves are 
visible over almost the entire surface of the sphere. The area on the top 
of the sphere from which the vapor leaves, forming a column, does not change 
significantly over the range of ATsat examined. The diameter of the column 
appears to  increase with increasing ATsat, as mi@t be expected for  the 
larger mass flow ra te  of vapor which occurs a t  larger ATsa%. 
V i s u a l .  observations made while the fi lm was being taken revealed tha t  
the vapor column did not appear as  axisymmetrical 'bubbles released a t  inter-  
vals. A continuous slug of vapor appeared t o  tear  away from the s p e r e  in  
a hel ical  fashion, with the center of the area of detachment describiiig a 
c i rc le  &bout the ver t ica l  axis  of the sphere. This  phenomenon w a s  most 
pronounced at the highest level  of ATsat used. It may be seen i n  Fig. A-1 
i n  Appendix A.2 where it appears as  a displacement of the vapor column from 
the vert ical  axis  of the sphere a s  a function of height above the sphere 
(and therefore as a function of the time of release of vapor from the sphere). 
Photographs taken by ~ r e d e r k i n ~ k ~  show a similar phenomenon. 
'b. Vertical Disk 
The composite tracings of the film thickness o'bserved on the vert ical  
disk are shown i n  Fig. 31. Each frame i n  the sequence used was identified 
with a number. These numbers are placed beside the l ines indicating the 
vapor-liquid interface on each frame, and show the var3ation i n  interface 
position at approximately 0.001-second intervals.  
'The ver t i ca l  disk does not present the same configuration t o  the boil- 
ing l iquid as a ver t ica l  f la t  plate with a horizontal leading edge (i. e e  , 
a two-dimensional leading edge is present). The vapor film on the ctisk 
appears similar t o  that anticipated fo r  a ver t ica l  plaLe. The f i l m  near 
the leading edge is i n i t i a l l y  thin ,  with a f a i r l y  well defined t r ans i t ion  
t o  a greater  thickness evident a t  a location below the centerl ine of the 
disk, 
The lower portion of the  vapor f i l m  does not appear t o  show any s ign i f i -  
cant change i n  thickness with an increase i n  ATsat over the  temperature range 
covered here. The solid-interface spacing i n  the upper portion of the  vapor 
f i lm is  greater  a t  ATsat of 200°F and 300°F than at  100°F. An increase i n  
the and mgni  tude localized df stur'bances increasing w a s  
observed visual ly  while the f i l m s  were 'bei.ng taken. These disturbances ap- 
peared i n  the form of mves and bub'bles, The 'bubbles separated from the 
f i l m  layer  and moved upwards i n  a path pa ra l l e l  t o  the vapor f i l m .  The 
waves, which are  a l so  represented i n  Fig. 31 as localized thickenings of 
the  film, moved upwards wi.thout ac tua l ly  dctachi,ng from the f i l m .  The in- 
creasing   re valence of these distur'bar:ces can 'be seen quite c l ea r ly  i n  Fig. 
A-2 of Appendix A,2. 
Horizontal Disk Eeating 
I n  order t o  observe the  film 'boi.1i.ng process taking place a t  the  top 
of the disk without having the  view obscured 'by the vapor flowing from the 
'bottom and sides of the  disk, it w a s  necessary t o  a t tach  a col la r  which 
diverted the  flow of vapor from the bottom and s ides  of the  heatez t o  the 
side of the f i e l d  of view. While t h i s  technique may have had loca l  e f fec t s  
a t  the edges of tine disk, it i s  felt that the  f i l m  boi l ing i n  the central  
portic& of the disk was substant ia l ly  unaffected. 
Film thickness composites for  the horizontal disk heating up are shown 
i n  Fig. 32. A t  ATsa% = lOm the measured thickness of the vapor f i l m  above 
-7 
the heating surface was nearly constant. No measurements were taken where 
'bubbles were forming or leaving the surface. A t  higher values of ATsat the 
thickness and irregular i ty  of the film increases drastically.  Comparison 
- with the fi lm frames i n  Fig. A-3 of Appendix A.2 indicates that  a t  ATsat - 
100°F the number and frequency of bubbles released i s  relat ively low. Large 
individual bubbles may be clearly distinguished a f t e r  departure from the 
vapor film area. A t  ATsat = 200°F, the frequency and number of bubbles has 
increased with relat ively l i t t l e  change i n  the s ize of the bubbles and the 
vapor film has increased i n  thickness. A t  ATsat = 300°F the spacing between 
departing vapor bubbles appears to  be smaller, indicating t h a t  the frequency 
of bubble departure has increased further. A consequence i s  tha t  the vapor 
f i l m  thickness appears t o  be only 2/3 of what it was at ATsa% = 200°F. A t  
the two higher levels of ATsa% the increased bubble frequency make it ex- 
tremely d i f f i cu l t  t o  o'btain a measurement of e i ther  an average or minimum 
fi lm thickness. This i s  indicated by the extreme variation i n  film thick- 
ness as shown i n  the composites of Fig. 32. The average f i l m  thickness ob- 
tained from the composites is indicated, but is pro'bably a maximum value 
rather than a true average. 
Visual observations made while the photogrmphs were 'being taken re- 
vealed that,  a f t e r  detachment, the individual bubbles moved upwards very 
slowly. There was l i t t l e  mixing or  coalescence of these 'bubbles. The phys- 
i c a l  size of bubbles ranges up t o  1/2 inch major dimension, with We bubbles 
showing a s l i g h t  increase i n  s i ze  with increasing ATsat. d 
d. Horizontal Disk Heating Down 
Observation of the vapor f i lm on the disk surface i n  the  heating down 
or ientat ion i s  not o'bscured by release of the  vapor generated, as it flows 
up and around the sides of the  disk, and therefore away from the interface I 
being examined. Inspection of Fig. 33 shows tha t  the  composite interface 
a t  each ATsat i . ~  much smoother i n  appearance than those fo r  the  other ori.en- 
ta t ions  . 8 
It might be anticipated t h a t  the  f i l m  thickness would increase with in- 
creasing ATsat, because of the higher heat f lux.  This generates more mpor, 
which should r e s u l t  i n  a thicker vapor f i l m  owing t o  the increased 'buoyant 
forces necessary f o r  removal of the vapor. This  is  examined i n  d e t a i l  i n  
Appendix B. No difference could 'be discerned i n  f i l m  thickness 'between 
ATsat = 100°F and ATsa% = 2W°F, while at ATsat = JOO°F it increased by ap- 
proximately 5@. Visual observations made while the  f i l m  was 'being taken 
revealed a num'ber of waves and protrusions appearing sporadically on the  
vapor-liquid interface.  The protrusiond, which can 'be seen i n  Fig. A-4 of 
Appendix A.2, generally appeared. br ief ly ,  then subsided 'back in to  the in te r -  
face. The waves could 'be o'bserved moving across the surface of the  dfsk 
f o r  a considerable distance before eicher disappearing o r  going past the  
edge of the  disk and 'being 'bsor'bed i n  the upward flow of vapor, The overall. 
e f f ec t  was one of continuous motion, i n  both horizontal and vertical. planes, 
of the  vapor-liquid interface.  
The mean values of the vapor film thickness for  the horizontal disks, 
along with an estimate of the maximum deviation, are  l i s t ed  i n  Table 11. 
TABLE 11 
MEAN VAPOR FILM THICKNESS 
(inch ) 
3-inch diameter disk, P = 1 atm, (a/g) = 1, saturated l iquid 
Disk n'L'sat 
Orientation 100°F 200°F 300°F 
Horizontal 
heating up 0.035 + 0.020 0,124 + 0.020 0.080 + 0.020 
Horizontal 
heating down 0.044 + 0.010 0.042 i 0.010 0.060 i 0.010 
4. Anomalous Ree?rlt s 
The measured heat f lux i n  film'boiling at a given ATsat for  a particular 
s e t  of conditions (geometry, pressure, e tc .  ) could normally be repeated t o  
within *35$, and i n  many cases it could be repeated t o  within +lo$. In  a 
few cases involving film boiling on a disk, devi-ations from the average values 
of (4~) a t  a given ATsat of from 50$ t o  5 0 6  were o-bserved. I n  one case 
such a deviant run was duplicated within a few percent a t  (a/g) = 1 and 0.16. 
These anomalous data are shown i n  Fig. 34. 
Anomalous resul ts  were obtained for both saturated and subcooled liquid, 
and for  the disk i n  both vertical  and horizontal heating up orientations. 
These resul ts  could indicate an incipient ins tab i l i ty  i n  the liquid-vapor 
interface on a flat plate  which occasionally is manifested as a substantial 
reduction i n  the thickness of the vapor film. Normally such an effect  may 
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Fig. 3. Anomalous f i l m  boiling. 
tend t o  be damped out o r  localized, being evidenced only by a re la t ive ly  
large variation i n  values when attempts are  made t o  repeat p a r t i c d a r  re- 
su l t s .  Hosler and westwater43 obtained variations of almost 1CX$ from the i r  
average curve on a few runs with f i l m  boiling of water at atmspheric pres- 
sure on an 8-inch x 8-inch l~orizontal  f lat  plate. 
Further spec~ la t i on  on possible causes fo r  the resul ts  observed i s  not 
warranted a t  t h i s  time. The possibi l i ty  of investigating the phenomenon i n  
de ta i l  i s  intriguing. 
CrnPrER V I I  
DISCUSSION AND ANALYSIS 
Many cor re la t ions  have 'been proposed f o r  the  various 'boiling reg 
1.n attempts t o  f i t  o r  descri'be the  various pibl ished data .  The data 
l i qu id  ni trogen a r e  l a rge ly  summarized by Fig. 35, which has been ren 
duced from Ref. 44. The corre la t ions  a r e  discussed 'by Seader, E -  -,. 
-  
who show t h a t  no cor re la t ion  has 'been advanced which f i t s  a l l  of the  
imental data i n  any s ingle  'boiling regime. This i s  ant ic ipated i n  li 
of Fig. 35, where the  nomeproducibi l i ty of  result^ i 
the nonuniformity of the  s ign i f i can t  parameters, some 
yet unknown. A var ie ty  of materials ,  t e s t  surfaces, ana or lenta t rons  
used i n  obtaining t h e  data  presented. 
The object ives of t h i s  study were t o  determine the  e f  
t e s t  surface configurat ion and o r i en t a t i on  on 'bc 
with variat ' ,  ~ n s  of gravi ty  f:e14 system pressure, and subc~ 
sion and ana lys i s  of the  experimental r e s u l t s  of the  previl 
presented below i n  t he  order of f i l m  'boili.ng, minimun f lux,  
f lux,  nucleate boil ing,  and f r e e  convection z . . fo l lowlm the  c o u r ~ ~  ul 
the cooling curve used t o  obta in  t h e  data .  
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Fig.  35. Experimental pool boiling data for  nitrogen. 
Merte, &.,l9 fo r  a sphere b y  using the Nusselt (NU) and modified Ray- 
(Rat ) numbers. The relationship obtained was: 
where 
and 
with C1 = 0.14. The correlation was developed on the basis of data from 
film boiling of  saturated l iquid nitrogen at atmospheric pressure and stand- 
ard gravity only. 
Fig. 36. Correlation of saturated film boiling on spheres. 
be re la ted  to the diameter by: 
where Dref, the r e f e r e ~ c e  diameter, i s  chosen t o  be tha t  of the 1-inch diam- 
e t e r  sphere f o r  which the corrc1ation w a s  o r ig ina l ly  developed. 
Manson and seader45 obtained ( q / ~ j  vs. ATsat fih boiling data for a 
4-inch diameter sphere 1r1 saturated l lq-l id nitrcgen at  1 atmcsphere and 
(a/@;) = 1. They reported tha t ,  f o r  a given ATsat, t h e i r  ( q / ~ )  r e s u l t s  
were approximately 16 lower than those of  Merte, e t  ale19 The decrease 
-- 
i n  heat  f l u x  between a I-inch and 4-inch diameter sphere predicted by Eqs. 
(16) and (19) i s  16% Equations (16) and (19) a re  khus shown t o  be ap- 
plicable with sphere diameters varying by a factor  of 16 and R a t  covering 
a range of 4 orders of magnitude. 
The saturated f i l m  boiling data obtained with the spheres a re  re-  
plot ted as Nu vs. [ ~ a '  x ( D / D , , ~ ) - ~ / ~ I  i n  Fig. 37. Also included a r e  the 
data for  f i l m  boil ing of Freon-113 from a cylinder over the  range 1 <  - 
(a/g) - < 10, and Bromleyl s correlation2? f o r  laminar flow f i l m  boil ing from 
a horizontal  cylinder. Bromleyts correlat ion for  the  heat t r ans fe r  coef- 
f i c i e n t ,  Ti, i n  f i l m  boil ing frm cyl lnderd7  i,s 
With the exception of some of the 1/4-inch diameter sphere r e su l t s  a t  
(a/g) = 0.17, Eqs. (161 and (19) f i t  the  experimental data within 9 5 % .  
The diameter of the  t e s t  cylinders used by ~ o m e r a n t z , ~ ~  0.188 inch, was 
Fig.  37. Correlation of saturated film boiling on spheres and cylinders. 
used as  the  relzrence diameter f o r  the cylinder data. 
The saturated fi lm 'boiling re su l t s  obtained using the disk were a l so  
plotted as Nu vs. Ray i n  a n  attempt to  determine i f  t h i s  data would be cor- 
related 'by the same parameters a s  were the data from the sphere. The plot  
f o r  the ve r t i ca l  disk i s  shown i n  Fig. 38. The value of D used i n  Fig. 38 
was the disk diameter, 3 inches. A s t ra ight  l ine  f i t  through the (a/.g) = I 
data on Fig. 38 can be used t o  predict most of the experimental points with- 
i n  k25$. The data  points fo r  (a/g) = 0.16 deviate considera'b1.y from such 
a f i t ,  indicating t h a t  a correla t ion of the form Nu = c 1 ( ~ a V  )n does not 
properly describe the f i l m  boi l ing process fo r  the  disk i n  t h i s  case. This 
was also true fo r  other orientations of the disk. 
Other investigators ( ~ e f s .  34, 43, 46, 47) indicate the appropriate 
dimensions for  correla t ing fi lm boiling data from a f la t  surface may 'be 
what a r e  referred t o  a s  the c r i t i c a l  wavelength, he, and t h ~  most dangerous 
wavelength, Ad. The heat f lux  of a f l a t  p la te  heating upwar& should not 
be influenced by i t s  physical dimensions a t  a given ATsat; provided the 
plate i s  large enough t o  neglect edge e f fec t s .  
It i s  possi'ble tha t  chacges i n  properties o r  other relevant parameters 
which influence t h e  vapur f i lm t h i c ~ n e v s  ezd T~??or flow patterns,  and there- 
by influence the heat 'lux, may 'be ref lected i n  changes of hc and %. 
Bellman and ~ e n n i n ~ t o n ~ ~  showed t h a t  the smallest wavc which w i l l  be 
unstabie along a vapor-liquid interface,  i n  an adverse gravity direction,  
has a length, ca l led  the c r i t i c a l  wavelength, given 'by 
3-inch Diameter Disk 
Vertical Orientation 
Ra' 
Fig.  38. Correlation of saturated f i l m  boil ing on a disk. 
Tiken ,the wavelerigth is  shorter than he, the interface i.s s table ,  and dis-  
turbances w i l l  'be damped out. When the wavelength i z  longer thaz? h,, the 
in.terface i s  unstable, and dlstur'bances w i l l  grow. In  the case of f i lm 
boiling, t h i s  ~mpl ies  tha t  i f  the  wavelength i s  longer than he, 'bubbles 
w i l l  form and detaph from the vapor film, while i f  the wavelength i s  shorter  
than he, in terface motion may 'be observed 'but no bubbles w i l l  form. 
Bellman and ~ e n n i n ~ t o n ~ ~  a l so  showed tha t  the  r a t e  a t  whi.ch a d is -  
turbance grew w a s  a function of the wavelength. The wavelength fo r  which 
the amplitude of a distur'bance grows most rapidly i s  cal led the most dan- 
gerous wavelength, given 'by 
The c r i t i c a l  wavelength increases with decreasing (a/g), iridicating 
t h a t  fo r  f i l m  boi l ing at  very low values of (a/g) there  i s  no hydrodynamic 
jus t i f i ca t ion  f o r  the  formation of 'buljbles a s  such. The analysis is 'oa~ed 
on the existence of a vapor-ll.quid interface with an adverse gravi ty  di-  
rect ion ( ~ a y l o r  i n s t a b i l i t y )  so extension of the  analysis t o  t rue  zero 
.) 
gravity conditions i s  meaningless, 
The cr i t ical .  wavelength, he, was substi tuted f o r  the  cha.racteristic 
dimension D i n  Eqs. (17) and (18) t o  determine whether it might be a more 
apgwopriate charac ter i s t ic  dimension f o r  the horizontal  f lat  surfaces. 
The exponent on (a/$) i n  Ra' w a s  changed from 1 t o  2/j t o  r e f l e c t  the  ex- 
perimentally observed decreased sens i t iv i ty  of ( 4 ~ )  t o  changes i n  (a /8 ; )  a t  
a given ATsat. The disk daJca were thus expressed i n  terms of parameters 
designated by Nu" and Rat', where 
Th.e r e su l t s  are shown i n  Figs. 39, 40, and h l  fo r  the disk i n  the ve r t i ca l ,  
horizontal heating up, and horizontal heating down orientations,  respec- 
t ive ly .  The disk data for  a l l  orientations,  pressures, and values of 
(a/g) = 1 and 0.16 may be represented with an accuracy of +35$ by the re la -  
t i o n  ship 
Nu" = 0.012 ( ~ a "  ) 1 /2  (25 1 
Hosler and westwaterC3 measured heat f l u x  as a fucction of ATsa% for  
saturated f i l m  +boiling on an 8-inch square horizontal,  heating up, f l a t  
p l a t e  at  atmospheric pressure using water and Freon-11 ( c c ~ ~ F )  as t e s t  
f lu ids .  Representat iv  points from these r e s u l t s  a r e  a lso included i n  
Figs. 40 and 42. They f a l l  about 40 t o  6@ below the disk data at the same 
\%lac of R a w .  If the boil ing phenomena were ident ical  (i . e . , so le ly  a 
functiorl of kc) regardless of p la te  size,  the data might be expected t o  
agree. 
~ e r e n s o d  analyzed film boi1ir.p from a h o r i z o ~ ~ t a l  f l a t  surfaca heat- 
ing  up and developed a correlat ion f o r  the heat t r ans fe r  cozfficient ,  
Fig. 39. Saturated film boiling correlation for a vertical disk. 
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Fig.  40. Saturated film boiling correlation for  a horizontal disk heating up. 
Fig. 41. Saturated fi lm boiling correlation fo r  a 
horizontal disk heating down. 
Big .  42. Saturated f i lm boil ing correlat ion fo r  f l a t  plates.  
This corre la t ion,  developed f o r  a p l a t e  of i n f i n i t e  extent ,  i s  included i n  
Figs.  40 and 42, and pred ic t s  a 'behavior cons:i.dera'bly d i f f e r en t  from t h a t  
of  t h i s  study. This may ind ica te  t h a t  a s h e  e f f e c t ,  such a s  the  one given 
f o r  the  spheres i n  Eq. (13) ,  i s  a l s o  present with f l a t  p l a t e s .  The d i f -  
ference i n  slope 'between the  cor re la t ion  of ~ e r e n s o d  (114) and the  experi- 
mental da t a  (1/2) may ind ica te  t h a t  laminar conditions do not eydst i n  the  
present experimental conditions. This i s  discussed fu r the r  i n  Section VII. 
The calculated value of hc a t  (a/g)  = 0.17 i s  m r e  than twice the  d i -  
ameter of the 1/4-inch diameter sphere at a:ll pressures,  but i s  l e s s  than 
the  diameter of the  1-inch diameter sphere. Breen and westwater49 observed 
a change i n  hydrodynamic 'behavior, from a two-dP;mc:ns:Fonal wave pa t te rn  t o  
a one-dimensional wave pa t te rn  ( ~ o m e r a n t z ~ ~  considered these as three-  
dimensl.ona1 and two-dimensional wave pa t te rns ,  r : spect ively  ) when cyl9.nder 
dimensions were decreased from greater  than 'Q to  l e s s  than hc .  Adopting 
Pomerantz ' terms, a two-dimensional wave pa t te rn  9 s characteri  zed 'by flow 
of the vapor around a cyllnder o r  sphere t o  the  very top, where i s  re -  
lensed from a narrow s l i t  along the top of the  cylinder o r  a narrow tGbe a t  
t h e  top of the  sphere. A three-di.mensliona1 wave pa t te rn  i s  characterized 
'by 'bubbles le:. i n g  the  e n t i r e  top  hal f  of the  cylinder o r  sphere a t  many 
d i f fe ren t  circumferenti.al pos i t ions .  If the th ree  -dimensional wave pa t t e rn  
1 on the 1/4-inch diameter sphere a t  (e/g)  = 1 changed t o  a two-dimensional 
wave pa t te rn  a t  (a/g)  = 0.17, the  charac te r i s t ic  dimension fo r  use i n  the  
corre la t ions  might well be hc ra ther  than the sphere diameter. The t e s t  
f a c i l i t y  d id  not permit examination of the  wave patterns on a t e s t  object  
during package drop. X f  the change from a three-dimensional t o  a two- 
dimensional wave pa t te rn  with the 114-inch diameter sphere r e s u l t s  i n  an 
increased heat f lux  f o r  a given ATgat, similar t,o t h a t  observed on the  
disk, then a reduced e f f e c t  of (a/g) should a lso  be observed and +,he ex- 
ponent, n, on i n  (Rat ) should be reduced from 1 t o  2 / j ,  The rqsu l t s  
obtained with the 1/4-inch diameter sphere a t  (a/g)  = 0.17 a r e  plot ted i n  
terms of Nu vs . [Ra ' x ( D / D ~ ~ ~  ) -3 /8~  on Fig. 43 using n = 1 and 213. The 
points p lo t ted  using n = 1 correspond t o  those shown i n  Fig. 37. The 
points p lo t ted  using n = 2/3 very closely approximate the corre la t ion used 
for  a l l  of "the other sphere r e su l t s .  
Saturated f i l m  boiling, appears :o be governed by a number of fac tors  
i n  addi t ion t o  the  physical propert ies of the  l iqu id  and the  temperature 
difference.  Among these are geometry and or ien ta t ion  of the heater sur-B 
face, which influence the  hydrodynamic behavior of the liquid-vapor in t e r -  
face. Changes i n  the  applied grav i ta t iona l  f i e l d  a l s o  afr'ect f i l m  boi l ing 
arrd these fac tors  must a l l  be taken in to  account i f  a single corre la t ion 
for saturated f i l m  boil ing i s  t h e  desired r e su l t .  
A composite of correlat!ms f o r  boil ing under saturated conditions i n  
t he  various regimes i s  presented i n  Fig. 44. The reference curve, in t ro-  
duced i n  Chapter V I  a s  applying t o  the  1-inch diameter sphere a t  atmos- 
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Fig. 43. Effect of exponent on (a/g) on a saturated film boiling correlation. 
Fig. 44. Saturated boiling correlations. 
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pheric pressure and (a/g) = 1, is shown to provide a 'basis for comparison.
For saturated film boiling, Eq. (16) is shown, and the correlations for
the other regions will 'be discussed in the following sections.
2. Subcooled Liquid Boiling Correlations
Subcooled film boiling occurs when the bulk liquid temperature is
maintained below the liquid saturation temperature. This is normally ac-
complished 'by circulating the liquid, replacing the heated liquid 'by cooler
liquid. The resultant liquid motion along the heated surface generally
classifies subcooled film 'boiling as a forced convection problem (see, e.g.,
Ref. 50). Where film 'boiling is to take place for relatively short periods
of time only, as is present with the transient technique used here, it is
possible to provide subcooli.ng on a, 'batch 'basis, without the necessity for
a circulating system, 'by pressurizing the system just prior to conducting
the test.
E,ilion50 found experimentally-that, for a given ATsat, heat flux in
the film 'boiling region was larger with subcooled 'liquid than with saturated
liquid. This had also been predicted analytically (e.g., Ref. 51)
Sparrow and Cess52 studied the problem of subcooled laminar film 'boil-
i
I
I
g
a
ing for the case of the isothermal vertical plate. The two-phase flow rand
heat transfer problem was formulated within the framework of boundary layer
theory, and a solution developed an expression for the local heat flux as
kvf [0.84 + .1 ? 1/4 lgpvf (p ,2 -pv f ) ) 1/4	 a 1/4q/A =	 1 2 x 1 ^+	 dTsat (g)	 (27)2 (µvf) 	 ( ) /4)
I
r
^ ^	 J
The distance x i s  measured from the leading edge of the  p la te ,  and B i s  a 
computational parameter defined i n  Ref. 52 as a function of  the  thermo- 
dynamic and physical properties of the boi l ing l i qu id  and the  degree of 
aubcooling. 
Equation (27) is  plotted i n  Fig. 45 for  l i qu id  nitrogen a t  several  
d i f f e ren t  pressures and levels  of  subcooling i n  terms of ( & d ~ )  vs. ATsat. 
The height above the  bottom edge of the  p la te ,  x, was taken as 0.125 foo t  
tiliich corresponds t o  the distance from the  botltom of the v e r t i c a l  disk t o  
the  thermocouple position. The data obtained with the v e r t i c a l  d i ~ k  a t  
pressures of  3 and 3 atmospheres w i t h  subcooled l iquid  and a t  (a/g) = 1 a r e  
a l so  shown i n  Fig. 45. For a giv?n ATsatj the experimental l eve l s  of heat  
fluxes a r e  approximately four times i a rge r  than t h a t  predicted by Eq. (27).  
The corre la t ion f o r  saturated boi l ing on t h e  disk given i n  Eq. (25) 
i s  included i n  Fig. 45. To determine if '  the  trend of the  e f f e c t  of sub- 
cooling as predicted by Eq. ' ( 27 )  is  correct  even i f  the  absolute l eve l  is  
not,  the  r a t i o  of the  subcooled ( q / ~ )  (exl,)erlmental d a t a )  t o  the  sa turated 
( q / A )  ( cor re la t ion)  for various values of ATsat vas calculated and is given 
i n  Table 111. This r a t i o  a s  predicted 'by Eq. (27) is  a l so  given. The ex- 
/' 
perimental r e su l t s  show a n  increase i n  the  r a t i o  ( Y / A ) , ~ / ( ~ / A ) ~ ~ ~  with in-  
creasing ATsatj while Eq. (27) predicts  t h a t  t h i s  r a t i o  w i l l  decrease with 
increasing ATsat. 
0 Vertical Disk at 3 Atmospheres and a/g = 1, Subcooled 
L 0 Vertical Disk at 5 Atmospheres and a/g = 1. Subcooled 
Eq- (27)' 
Ref. 52 
CI Subcooling ,OF PFessure 
Fig. 45. Subcooled film boiling correlation. 
COMPARISON OF ANALYTICAL FHEDICTIONS ANE EXPERIMNTAL RESULTS 
FOR THE; PATIO ( q / ~ )  , , / (q/~)  FOR A VERTICAL DISK AT 3 AND 5 ATMOSPHERES 
~ q .  (27) ( ~ e f .  54) 1.192 1.110 1..067 1.302 1.140 1.098 
( subcooling, OF) (15) (15) ; 15) (29) (25) (25) 
There are  several possible reasons why the correlat ion of Sparrow and 
~ e s s , 5 ~  as given i n  Eq. (27), does not follows the expertmental data ob- 
tained. F i r s t ,  the boil ing f i l m  may have been turbuler~t ,  so a laminar f i l m  
analysis does not apply. Second, the flow pattern over the disk m y  be 
suf f ic ien t ly  different  from the  flow over a ver t ica l  flat p la te  so the anal- 
ys i s  does not apply. Examination of the  photographic composites of the 
ve r t i ca l  disk ( ~ i g .  31) indicates a thickening of the f i l m  near the  thormo- 
couple location, which may be an indication of the onset of tur'bulent flow. 
3. b i l i n g  Film Thickness Analyses 
The physical picture of f i l m  boil ing is a superheated so l id  surface 
separated from a l iquid by a vapor f i l m .  This may be compared with a pic- 
t u r e  of nucleate boil ing where 'bubbles form on a superheated so l id  surface, 
grow, and leave the surface. An exact mathematical model of the f i l m  boi l -  
ing process probably cannot be formulated to include temporal var ia t ions  i n  
the shape of the vapor l iquid interface a l o ~ g  with the depsrture of vapor 
bubbles from the f i l m .  It should be possible, however, t o  develop r model 
which approaches the actual phenomenon more closely than i s  gossible i n  
the nucleate boiling region.. 
The physical appearance of the film w a s  carefully examined i n  the  cam- 
posites presented i n  Figs. 30, 31, 32, and 33. The f i l m  around the 1-inch 
diameter sphere at (a/g) = 1 was not eas i ly  app. ~ x i m t e d  by a, simple model. 
The f i l m  thickness on the disk i n  a l l  three positions did not vary appre- 
ciably with time, and nodels were fecf.sible, Models from the  l i te ra ture  were 
used where available. Mathematical models were developed where required. 
Ew.luation of  the f i l m  thickness was the deoired resul t .  
a. Film Fomatio~i  a t  Zero Gravity 
A simple model of the vapor f i l m  is one i n  which there i s  no mass flux, 
which would ex i s t  i n  a true zero-gravity environment. If the l iquid was i n  
contact with the sol id surface a t  time = 0, the vapor f i l m  would form 
and continue t o  increase i n  thickness with increasing time. There would 
be no convection i n  the gbsence of gravity, and i f  radiation is negligible 
the problem is one of p u . ~  conduction. 
This ?rollem has been formuls';ed 'iy Changb6 and more recently by 
Y E U I ~ ~ J .  The so l ?~ t ion  presented by Yang +,'ces into account f i n i t e  values 
thermal capacity and thermal conductivity of the surface 
presented here. This solution was developed fo r  the transient condensa- 
t ion of a preeaurizing gas i n  a suddenly pressurized cryogenic tank. The 
physical systea analyzed consisted of a semi-infinite w a l l  i n  the xegio:~ 
x < 0 and a semi-infinite sody of phase 1 i n  the region x > 0 .  I n i t i a l l y  
the temperature of the system was uniform. A t  time t = 0 the temperature 
of 'the w a l l  was changed and immediately phase 2 began t o  form on t h e  wall. 
The temperature of the interface adjusts  t o  the saturation temperature 
corre~poi~ding to the system pressure, and subseq~ent ly  remains a t  tha t  tem- 
perature. As applied t o  the  problem of vapor f i l m  rormation i n  a zero- 
gravity environmen-t , the solution f o r  the f i lm chickness may be expressed 
where ac must s a t i s f y  the transcenderAe,'I a1 nic equation: 
CI,  may be termed46 the  equivalent thermal d i f f u s i v i t y  i n  heat conduction 
through a substance with change of phase. 
Once has been obtained, ( q / ~ )  may be expressed as 
as i n  Ref. 46. 
The s o l u t i o n  as app l i ed  t o  t h e  pro'blem presented here i s  a funct ion  
of  ATsat, pressure,  and s u b c o o l i ~ g .  For a given ATsat, pressure ,  and sub- 
cool ing,f i lm th ickness  is proport ional  t o  (t)l12 and hea t  f l u x  i s  pro- 
por t iona l  t o  ( t  )-l12. 
b. Film Thickness on a  Ver t i ca l  P la te  
Film boili.ng hea t  t r a n s f e r  measurements were made using the  d i s k  i n  
th ree  o r i e n t a t i o n s :  v e r t i c a l ,  horizon-'a1 hea t ing  up, and hbr izon ta l  hea t -  
ing  down. Film formation i n  a g r a v i t y  f i e l d  must 'be t r e a t e d  separa te ly  
f o r  each o r i e n t a t i o n  because the  acti.on of  t h e  buoyant fo rces  i n  removal 
o f  the vapor generated i s  d i f f e r e n t  i n  each case .  
The a n a l y s i s  o f  laminar subcooled f i lm boi l ing  on a v e r t i c a l  p l a t e  
performed by Sparrow and ~ e s s ~ ~  and discussed i n  Sec t ion  V11 .A.2 included 
development of an  expression f o r  f i l m  th ickness .  This was 
where x i s  measured from t h e  leading  edge of t h e  p l a t e .  The parameter 7,&, 
which is a dimensgonless boundary l aye r  th ickness ,  was evaluated by Sparrow 
and cess5* as a func t ion  o f  the  parameter B f o r  Prv = 1. 
Hsu and ~es twa te r3 '  performed a n  approximate a n a l y s l s  o f  the  flow i n  
a vapor f i l m  on a v e r t i c a l  p l a t e .  An expression was obtained f o r  t h e  
height  above t h e  l ead ing  edge of a v e r t i c a l  p l a t e  a t  which t h e  onset  j f  
turbulence could 'be a n t i c i p a t e d .  This  d i s t ance  was 
where 6*, t h e  f i l m  thickness  a t  t h e  onse t  of turbulence,  is  
rne value (100) appearing i n  Eqs. (32 ) and (33) rep resen t s  t h e  c r i t i c a l  
value of t h e  flow Reynolds Number as given i n  Ref. 30, a t  which it i s  s t a t e d  
t r a n s i t i o n  between viscous and tu rbu len t  flow may be expected t o  occur .  
c .  Film Thickness on a Horizontal F l a t  P la te ,  Heating Up 
~ e r e n s o n 3  obtained a n  equation f o r  the  heat  t r a ,ns fe r  c o e f f i c i e n t  i n  
f i l m  b o i l i n g  from a hor izon ta l  f l a t  p l a t e  hea t ing  upward ( see  Eq. ( 26 ) ) .  
An expression was developed f o r  t h e  average vapor f i l L m  th ickness  f o r  t h e  
e n t i r e  sur face ,  given as 
The f i l m  'bo i l ing  model used cons is ted  of a t h i n  f i l r n  of uniform th ickness  
on which c y l i n d r i c a l  bubbles with hemispherical  caps were superimposed a t  
regular  i n t e r v a l s .  
~ h a n ~ ~ ~  considered t h e  f i l m  th ickness  t o  be dependent on t h e  e s t a b l i s h -  
ment of a s t a b l e  wave motion wherein t h e  buoyant and viscous f o r c e s  a r e  i n  
a n  equi l ibr ium condit ion.  He obtained t h e  value of t h i s  equi l ibr ium f i l m  
th ickness  t o  be 
where ac must be evaluated from Eq. (29.). 
Comparisons be tween Eqs . (34 ) and (35 ) and experimental measurements 
a re  made i n  Section VII.A.3.e. 
d.  Film Thickness on a Horizontal F l a t  p la te ,  Heating Down 
An ana lys i s  of the  steady-state vapor f i lm thickness below a horizontal  
f l a t  p l a t e  heat ing down was made and i s  included as Appendix B. For the  
case o f  a d i sk  with a para'bolic veloci ty  p ro f i l e  i n  the  film, the so lu t ion  
giving the  vapor f i l m  thickness i s  
where yl is  t h e  f i lm thi.ckness at  the  center of the  disk,  8, i s  the  dj.f-  
ference i n  f i l m  thickness 'between the  center  and the  edge of the  d isk ,  and 
R is t h e  radius of t he  d isk ,  as shown i n  Fig. B - l .  It is noted t h a t  
both y, and B1 a r e  unknowns, and an estimate of one i s  required from other  
sources. 
e. Compari.son of Vapor Film Thickness Analyses with Experimental Re- 
s u l t s  
The ana lys i s  presented f o r  vapor f i lm formation a t  zero grav i ty  pre- 
d i c t s  t h a t  ( q / ~ )  w i l l  change with time. The experimental r e s u l t s  obtained 
using t h e  1-inch diameter sphere and the  second t e s t  package t o  obta in  
(a/g) < 0.002 at  1 atmosphere sa tura ted conditions exhibited such a tem- 
poral va r i a t i on  i n  heat  f lux .  The d r a s t i c  reduction i n  body forces  reduced 
o r  removed the  Taylor i n s t a b i l i t y ,  changing the  character  of the  f i l m  bo i l -  
ing process from a steady convective one TO a t rans ien t  conduction one. 
These r e s u l t s  were presented i n  Fig.  19 and a r e  a l s o  shown i n  Pig.  46. Equa- 
t i o n s  ( 2 8 )  and (30) ,  developed f o r  t h e  f l a t  p l a t e  under zero g r a v i t y .  were 
evaluated f o r  s a t u r a t e d  f i l m  b o i l i n g  of l i q u i d  ni t rogen a t  a pressure of  1 
atmosphere. 
The r e s u l t s  obtained f o r  hea t  f l u x  and vapor f i l m  thickness  a t  (a /g)  = 
0 a r e  shown i n  Fig .  47 f o r  ATsat = 200°F. Also ,ihown a r e  t h e  heat  f l u x  
measurements from Run 52H a t  ( a / g )  = 1 and a t  ( ? /g )  0.002, 0 . 7  second and 
1.3 seconds a f t e r  t h e  package was re leased .  Although Eq. (30) does not 
a c c u r a t e l y  p r e d i c t  t h e  hea t  f l u x  as a funct ion  of time, the  predic ted  de- 
pendence of  ( q / ~ )  on t -'I2 i s  shown t o  be f a i r l y  good f o r  t h i s  run. 
The ( q / ~ )  ca lcu la ted  using Eq. ( 3 0 )  at  t = 1 . 4  seconds i s  shown on 
Fig .  '46 f o r  a rRnge of ATsat. Most of  t h e  experimental heat  f luxes  a t  1 . 4  
seconds a r e  higher  than  those predic ted  by Eq. (30). The f l a t  p l a t e  model 
should apply  t o  t h e  sphere i n  t h i s  case  s i n c e  t h e  vapor f i l m  thickness  pre-  
d i c t e d  by Eq. (28)  i s  l e s s  than  16 o f  t h e  1- inch diameter sphere r ad ius  
even a f t e r  1 . 4  seconds. 
Equation (30)  predict^ t h a t  ( q / A )  oC ( t  )-1/2. The "ear ly" d a t a  po in t s  
shown i n  Fig .  46 were a l l  obtained 0.7 second a f t e r  t h e  package was r e -  
leased .  The " l a t e "  po in t s  were obtained 1 .2  t o  1 . 4  seconds a f t e r  t h e  pack- 
age was re leased .  Using these  times f o r  t i n  Eq. (30),  predic ted  values 
o f  " la te"  ( q / ~ )  were ca lcu la ted  and a r e  shown on Fig. 46. Reasonable com- 
par i sons  a r e  noted. 
I n  t h i s  r eg ion  ((dl\) < 1000 ~ t u / h r - f t 2 )  t h e  value of  d ~ / d t  is  l e s s  
than  0.5OF per  second. The ind iv idua l  temperatures a r e  read t o  kO.2OF, 
Fig .  46. Dependence of f iLn boiling heat flux on time. 
t ,sec. 
Fig. 47. Variation of heat flux and vapor film thickness with time. 
and f o r  these  runs readings were made every 0 .1  second. Tangents were f i t  
t o  t h e  da ta  points  over a 0.4 second range ( i .  e . ,  a change i n  temperature 
of' 0.2'F, which i s  equal t o  the  reading e r r o r ) .  An e r r o r  of O.l°F i n  dT 
(estimated t o  be the  maximum e r ro r  f o r  these runs)  over t h i s  range i s  0 . 2 5 ' ~  
per second, which i s  an e r ro r  of 50$ o r  more i n  ( q / ~ ) .  The ( t  ) -  1/2 power 
dependence of ( q / ~ )  predicted f o r  zero gravi ty  appears support-ed by the  ex- 
perimental r e s u l t s .  
The photographic r e s u l t s  obtained permit the  f i l m  thickness t o  'be rneas- 
ured. The var iables  covered included t e s t  surfacc geometry, d i sk  
or ien ta t ion ,  and ATsat. A l l  photographs were taken using sa tura ted l i q u i d  
ni trogen a t  1 atmosphere and a t  (a/g) = 1, so comparison of the  predicted 
and observed f i l m  thickness i s  possible only under these  conditions. The 
e f f e c t s  bf (a/g), subcooling, and pressure on f i l m  thickness a r e  predicted, 
but a r e  not compared with experimental r e s u l t s .  
The equation f o r  laminar vapor f i l m  thickness on a v e r t i c a l  p l a t e  ob- 
ta ined .by Sparrow and ~ e s s ? ~  ( q .  (31)) was evaluated f o r  a value of x = 
1.5 inches ( t he  dis tance  from the  leading edge of' the  v e r t i c a l  disk t o  the 
point  a t  which the  thermocouple used f o r  the  temperature measurements was 
loca t ed ) .  The r e r u l t s  a re  shown i n  Fig. 48 as a function of ATsat Ex- 
perimental measurements obtained from Fig. 31 a r e  a l so  shown, and a r e  ap- 
proximately one order  of magnitude la rger  than the  predicted values. It 
should be reca l led ,  however, t h a t  owing t o  the  o p t i c a l  configurat ion used, 
the  o'bserved values of f i l m  thickness a r e  most l i k e l y  the  maximum values 
across  the  surface.  
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Fig. 48. Film thickness and heat flux i n  saturated 
f i l m  boiling on a vertical Cisk. 
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The f i l m  thickness a t  which Hsu and westwater30 (Eq. (33)) @edict  
t r a n s i t i o n  from laminar t o  tw'bulent flow i s  a l so  shown i n  Fig. 48. It i s  
? \ 
seen t o  be thinner than the  thickness predicted by Eq, (31), and the  x a t  
~ rh i ch  t r a n s i t i o n  i s  predicted %o occur i.s l e s s  than 1.5 inches. This i m -  
I 
p-lies t h a t  turbulent  flow i s  present near t he  thermocouple locat ion,  and 
the  anal-ysis of Sparrow and ~ e s s 5 ~  f o r  laminar flow does not apply. 
Hsu and I4estwaterSo a l s o  predicted the  tur'bulent heat f l u x  on a veer- 
t i c a l  p l a t e  as a funct ion of pressure and ATsat, o'btaining 
where 
and 
Equation (37) i s  included i n  Fig. 48 f o r  sa tbra ted 'boiling a t  1 and 5 atmos- 
I pheres. Also shown i s  the  experimental cor re la t ion  orbtained i n  Section 
V I 1 . A .  1. ( ~ q .  (25 ) ). The predic t ion i.s lower than the  experimental curve 
c ) 
'by 25% t o  60%, and shows a d i f f e r e n t  slope f o r  ( q / ~ )  vs.  ATsat than was 
.I. 1. 
obtained experimentally. Although Eq. (37) does not accurate ly  ~ r e d i c t  
1 
I t he  experimental r e su l t s ,  .it could 'be useful  i n  obtaining an  order of mag- 
nitude approximation t o  antici 'pated experimenta b heat f l ux ,  
I The agreement of Eq. (37) t o  within 6@ o r  l e s s  of experimental data, 
coupled with the  predicted locat ion of the  t r a n s i t i o n  point being small, 
wid t h e  observed vapor f i l m  being an order  of magnitud.e g rea te r  than a 
laminar flow analys is ,  a l l  appear t o  indicate  t h a t  turbulent  flow may e x i s t  
over a r e l a t i v e l y  l a rge  port ion of the  heater  surface. 
An accurate determination of the  locat ion of the  laminar t o  turbulent  
t r a n s i t i o n  point  along the  v e r t i c a l  disk could be made by experimentally 
measuring the  veloci ty  p r o f i l e  J n  t he  film, but  t h i s  would be a formidable 
task and was outside the  scope of t he  project  a t  t h i s  time. Examination 
of Fig.  31 does show more var ia t ion  from frame t o  frame i n  t he  observed 
f i l m  thickness on the  upper por t ion of  the  d i sk  than on the  lower portion. 
This  could be indicat ive  of turbulent  flow, but  no obvious t r ans i t i on  point 
i s  apparent from examining Fig. 31. The var ia t ion  i n  the  observed f i l m  
thickness from frame t o  frame i s  most pronounced at  t h e  highest  ATsat = 
300°F. 
The predic t ion of  ~ e r e n s o n 3  f o r  the  vapor f i l m  thickness on a hor i -  
zontal f l a t  p l a t e  heat ing up (Eq. (34) )  has been evaluated f o r  sa tura ted 
l i qu id  ni trogen a t  1 atmosphere and (a/g) = 1. The r e s u l t s  a r e  p lo t ted  on 
Fig. 49. The predic t ion of ~ 5 s n ~ ~ ~  f o r  f i l m  thickness under t h e  same con- 
d i t i ons  (Eq. (35 ) ) i s  a l so  shown. Experimental measurements obtained from 
Fig. 32 a r e  presented. Berenson's predic t ion of f i lm thickness is  f i v e  
times l a r g e r  than Chang's predic t ion of f i lm thickness at  a given ATsat, 
but i s  an  order  of magnitude less than the  experimental data. ?he models 
proposed by Berenson and Chang thus do not appear t o  follow the  observed 
r e su l t s .  
Fig. 
on a 
49. Vapor film thickness i n  saturated f ih 
horizonta.1 disk heating up. 
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A comperison of Figs. 48 and 49 shows t h a t  the  experimental vapor f i l m  
thickness measurements a re  similar fo r  the  two disk orientations.  The pre- 
dicsed thicknesses, although d i f fe rent  from the observed thicknesses, a re  
also similar. It has been shown on Fig. 16 t h a t  the  ( q / ~ )  vs. ATsat re- 
s u l t s  from the disk a r e  similar f o r  the two orientations.  One might con- 
clude then t h a t  the heat f l u x  with f i l m  boil ing can be d i r e c t l y  related t o  
the vapor f i l m  thickness. 
~ h a n g 5 ~  has indicated that  there  should not be any significant d i f -  
ference between horizontal heaters and ve r t i ca l  heaters a f t e r  the onset of 
turbulence. The f i l m  thickness on a ve r t i ca l  pla te ,  a s  a consequence of 
turbulent motion, would thus be similar t o  tha t  on a horizontal surface. 
~ h a n ~ ~ ~  a l p  s ta ted tha t ,  for  a small plate ,  the heat t ransfer  coefficient  
for  a horizontal pla te  heating down should be the same as t h a t  for  a ver- 
t i c a l  plate.  Flow along the v e r t i c a l  disk has been ten ta t ive ly  ident i f ied 
as turbulent over a portion of the  disk. If the flow over the hiorizontal 
disk, heating up, i s  a l so  turbulent,  the proposed laminar models fo r  the 
vapor f i l m  behavior would probably not apply. Chang ' s conclusicn about 
s imi la r i ty  i n  heat t ransfer  behavior between horizontal and ve r t i ca l  pla tes  
with turbulent flow would apply, and appears t o  be supported by the exper- 
imental r e s u l t s  observed here with regard both t o  f i l m  thickness and heat 
flux. The correlat ions fo r  laminar flow predict  f i lm thicknesses i n  the 
ve r t i ca l  and horizontal heating up positions which a re  quite similar, and 
may indicate t h a t  5he insens i t iv i ty  of a f lat  p la t e  t o  or ientat ion holds i n  
laminar flow as well. There is no experimental data available t o  examine 
t h i s  contention. 
It has been pointed out (e .g. ,  Ref. 1) t h a t  a similar lack of sens i t iv -  
i t y  t o  o r i en t a t i on  e x i s t s  f o r  f ree  convection heat  t ransl 'er .  I n  the  t u r -  
1 bulent regime, McAdams gives, fo r  a hori.zontal p la te  heating up, 
and f o r  a v e r t i c a l  p l a t e  
a d i f ference  of approximately 8$. These equations a r e  very similar i n  form 
to  Eq. (16) f o r  a sphere with sa tura ted f i lm boiling. 
McAdams a l s o  found a lack of s e n s i t i v i t y  i n  the  laminar regime. He 
gives, f o r  a hor izonta l  p la te  heating up, 
and f o r  a v e r t i c a l  p l a t e  
a  d i f ference  of  approximately 9%. 
The predicted f i l m  appearance fo r  a  hor izonta l  p l a t e  heat ing down may 
be o'btained by using Eq. ( 3 6 ) .  The var ia t ion  of Bl with y, i s  shown i n  
Fig. 50 as a function of ATsat. B1 and yl a r e  defined i n  Fig. B-1. For 
each ATsat the  measured value of yl obtained from Fig. 33 i s  indicated.  
Predicted values of B1 range from 0.0041 t o  0.011 inch. The value of  y, 
was measured t o  +0.010 inch. Variations i n  B1 of the range predicted 
t 0 Experimental Measurement from Figure 33 - Prediction using Eq. (36) with Experimental Values of ( q / ~ )  
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Fig. 50. Vapor f i l m  thickness variation i n  saturated f i l m  boiling 
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could not  be observed i n  the  photographs taken. 
Equation (36) p r e d i c t s  t h a t  61 must have a p o s i t i v e  value f o r  any  
( q / ~ )  d i f f e r e n t  from zero .  It a l s o  p r e d i c t s  a minimum possi 'ble value o f  
yl which inc reases  with increas ing  ATsat. From a physical  s tandpoin t ,  
t h i s  impl ies  t h a t  the flow of vapor r a d i a l l y  from the  cen te r  o f  the  d i s k  
i s  accompanied by a reduced thickness  of  t h e  f i l m  as the  d i s t ance  from t h e  
cen te r  i s  increased .  It a l s o  implies t h a t  t h e r e  i s  a minimum f i l m  th i ck -  
ness which can e x i s t  on t h e  d i s k  f o r  a given (q/A). This minimum t h i c k -  
ness i s  necessary t o  remove the  generated vapor. The minimum poss ib le  
th ickness  inc reases  with increas ing  ATsat, s ince  t h e  inc reas ing  r a t e  o f  
vapor generati .on r e s u l t s  i n  a l a r g e r  flow volume. The numerical va lues  
p red ic ted  f o r  t h e  minimurn poss ib le  il, and t h e  corresponding 61 a r e  pro'b- 
a.bly i n  e r r o r  i n  t h i s  reg ion  'because t h e  assumption t h a t  6, << y, i s  no 
longer v a l i d .  
B. OTHER 'BOILING REGIMES 
1. Minimum Heat Flux Boil ing 
Most o f  t h e  r e s u l t s  presented i n  the  minimum heat  f l u x  b o i l i n g  region  
were obtained with t h e  1-inch diameter sphere.  I n s u f f i c i e n t  d a t a  were ob- 
t a ined  with the  1/4-inch diameter sphere and t h e  d i s k  t o  permit any con- 
c lus ions  t o  be reached from comparisons with e x i s t i n g  c o r r e l a t i o n s  f o r  
( 9 / ~ ) , ~ ~ .  The r e s u l t s  obtained with t h e  1-inch diameter sphere were com- 
pared wi th  t h e  behavior predic ted  by c o r r e l a t i o n s .  
~ e r e n s o n 3  developed a n  equat ion f o r  ( q / ~ ) , ~ ,  as 
(¶./A) min = 0.09 pVfhig 
Equation (44)  i s  p l o t t e d  on Figs .  44 and 51 f o r  pressures  of  1, 3, and 5 
atmospheres. The experimental r e s u l t s  f o r  t h e  1-inch diameter sphere a r e  
a l s o  shown on Fig .  51. A range of ( 4 A ) r n i n  a t  a p a r t i c u l a r  (a/g) i s  shown 
by the  two extreme p o i n t s  connected by a v e r t i c a l  l i n e .  A range of 
( C I / A ) ~ ~ ~  combined with a n  uncer t a in ty  i n  (a/g) i s  shown by two poin ts  con- 
nected by a diagonal  l i n e .  Some ( q / A ) ' s  were obtained a t  ATsat d i f f e r i n g  
from t h a t  a t  which ( q / ~ ) m i n  was a n t i c i p a t e d  by -lO°F t o  +35OF. Since no 
d a t a  were obtained which were i d e n t i f i e d  as ( q / ~ ) , ~ ,  f o r  these  condi t ions,  
t h e  measured va lues ,  shown i n  Fig.  22, were taken as upper l i m i t s  on 
( q / ~ ) , ~ ~ .  They a r e  ind ica ted  by a v e r t i c a l  l i n e  o r i g i n a t i n g  a t  t h e  d a t a  
po in t s  a;.J terminat ing i n  a n  arrowhead. 
Equation (44)  w a s  developed f o r  f l a t  p l a t e s ,  but previous work done 
with t h e  1- inch  sphere at  1 atmosphere pressure  had shown reasonable agree- 
ment with t h e  p red ic ted  values f o r  ( q / ~ ) , ~ ,  a t  both s tandard and f r a c t i o n a l  
g r a v i t y  . lg Equation (44)  does not p r e d i c t  the  experimental r e s u l t s  a t  
higher p ressu res .  An increase  i n  ( q / ~ ) m i n  o f  approximately 120$ a t  3 atmos- 
pheres and 2004 a t  5 atmospheres is  p red ic ted ,  bu t  t h e  experimental values 
inc rease  by  approximately 30$ and 50$, respec t ive ly .  The values o f  
( P / A ) , ~ ~  a r e  p red ic ted  t o  fol low a 1/4 power dependence on (a /g) .  The d a t a  
shown i n  Fig .  51 appear t o  fol low t h i s  predic ted  dependence. The power de- 
pendence n i n  is  l a r g e r  than  0.15 a t  a pressure  of 3 atmospheres, 
Fig. 51. (q/~),~, in saturated boiling. 
and l a r g e r  than 0.22 a t  a pressure o f  5 atmospheres. 
Other corre la t ions  f o r  (q/~)min were developed by zu'ber4 and by Lien- 
hard and wong47. Zuber 's equation, 
i s  very similar t o  Berensonls except fo r  the coef f ic ien t  (6 $ = 0.177). 
It a l so  d i f f e r s  i n  t h a t  it evaluates proper t ies  at sa tura t ion  conditions 
ra ther  than  a t  an  average f i l m  temperature. Equation (45) i s  plot ted  on 
Fig. 51 f o r  P = 1 atmosphere. It pred ic t s  values of ( P / A ) ~ ~ ~  which a re  ap- 
proximately 200$ higher than the  experimental values. 
Lienhard and wong47 predicted (Q/A )rnin f o r  a hor izonta l  cyl inder.  
Their expression accounts f o r  the e f f e c t  of surface tension i n  the t rans-  
verse d i r ec t ion  upon the  Taylor i n s t a ' b i l i t y  of the  in te r face .  They ob- 
tained.  
For cyl inders  l a rger  than l/4-inch diameter, t h i s  equstion indicates  t h a t  
(q/A)rnin i s  inverse ly  proportional t o  the  t e s t  dbject  radius within a few 
percent. It a l so  ind ica tes  t ha t  ( q / ~ ) , ~ ,  i s  proportional t o  (a/g)  -1/4 
ra ther  than (a/g)  +'I1; as indicated by Berenson and Zu'ber and experimentally 
verif ied.19 Equation (46) i s  shown on Fig. 51 f o r  P = 1 atmosphere. 
A f e w  ( q / ~ ) , ~ ,  values were obtained f o r  the  l-inch diameter sphere 
with subcooled boi l ing a t  3 and 3 atmospheres (see Fig. 21) .  They were ap- 
proximately 656 higher than the  (q/~)min values obtained with sa tura ted 
b o i l i n g  a t  3 and 5 atmospheres. 
~ e r e n s o n 3  a l s o  developed an  equation f o r    AT^^^)^^^ as 
Equation ( 4 7 )  i s  p l o t t e d  on Fig.  52 f o r  ? = 1 atmosphere. The experimental  
r e s u l t s  f o r  the  1- inch diameter sphere a r e  a l s o  shown. A range of 
  AT,,^ )min a t  a p a r t i c u l a r  value o f  (a/@;) is  shown by t h e  two extreme 
poin ts  connected 'by a v e r t i c a l  l i n e .  An uncer t a in ty  i n  (a/g) i s  shown by 
two extreme po in t s  connected by a hor izon ta l  l i n e .  When a n  upper l i m i t  
was obtained f o r   AT^^^ )min, it i s  indica ted  by a v e r t i c a l  l i n e  o r i g i n a t i n g  
a t  the d a t a  poin t  and terminat ing i n ' a n  arrowhead. 
The values p red ic ted  f o r    AT^^^)^^^ were h igher  than  t h e  experimental  
values by a W c t o r  of approximately two19 a t  (a/g) = 1, and t h e  d i f f e r e n c e  
l ncrnases with decreas ing  (a/g). ~ e r e n s o n 3  had determined   AT^^^ )rnin from 
the  r e l a t i o n s h i p  
where ( q / ~ ) m i n  i s  given i n  Eq. (44)  and b was given i n  Eq. (26) .  The r e -  
l a t i o n s h i p  f o r  Ii determined by Frederking and clarkJ1 f o r  t h e  1-inch diam- 
e t e r  sphere i s  
This  was ~ ~ b s t l t u t e d  for  Eq, (26) in Eq. (48) t o  ob ta in  
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Fig .  52.  AT.,^)^^ i n  saturated boiling. 
This reduced the  predicted value of N AT,,^)^^^ t o  50$ higher than the  ex- 
perimenJ~al values a t  P = 1 a,tmosphere and (a/g) = 1. Equition (50) is  
shown on Fig. 52 f o r  P = 1, 3, and 5 atmospheres. A large  increase i s  pre- 
d ic ted i n  the  value of  AT^^^)^^^ with increasing pressure. The experi - 
mental range of  AT^^^)^^^ a t  (a/g) = 1 shown i n  Fig. 52 f o r  1, 3, and 5 
atmospheres does not appear t o  be affected by a chance i n  pressure. The 
accuracy of the  determination of   AT,,^ i s  +5OF, so a s m a l l  e f f e c t  of 
- 
pressure would not be apparent. 
Berenson's equation f o r    AT,,^ ),in, Eq. (47) ,  indi.cates a dependence 
on ( a / g ) - ~ / ~ .  Equation (50) ,  which u t i l i z e s  Frederking and Clark 's  tor- 
- -1/8 
r e l a t i o n  for  spheres inevaluating h, indicates a dependence on (a/g)  . 
As may be sceri i n  Fig. 52, t h i s  difference i s  small. The experimental 
data do not show any e f f ec t  of (a/g):  A l l  of the   AT,,^ )rnin, regardless 
of pressure o r  (a /g) ,  f e l l  i n  the range  AT,,^)^^^ - 50°+100F. 
A few  AT,,^)^^^ values were obtained for  t h e  1-inch diameter sphere 
with subcooled 'boiling at 3 and 5 atmospheres (see Fig. 21) .  They f e l l  i n  
the 50°'100F range found with saturated boiling. 
2. Peak Heat Flux Boiling 
Figure 26 shows the peak heat f lux  is  affected by both pressure and 
(a /g) .  The cor re la t ions  of ~ o ~ e s ~ '  and Zuber (discussion i n  Ref. 3)  f o r  
saturated bo i l ing  most nearly predic t  the  observed r e su l t s .  Noyes' cor- 
r e l a t ion  i s  
and Zuber 's corre la t ion is  
where 
For Pr I 1 and pi >> p,, these corre la t ions  a r e  iden t ica l .  They a re  shown 
i n  Fig. 53 f o r  ( a l g )  = 1 and pressures from 1 t o  5 atmospheres. Equation 
(51) is a l so  shown fo r  (a/&) < 1, a d  i s  included on Fig. 44. 
Valuesof  ( q / ~ )  o b t a i n e d w i t h t h e  1-inchdiameter sphereat 1, 3, 
max 
and 5 atmospheres and with the 1/2-inch diameter sphere a t  1 atmosphere a r e  
shown i n  Fig. 53. The agreement between the  experimental and the predicted 
r e su l t s  over a range of pressc-es and (a/g) indicates t h a t  the corre la t ion 
has wide appl icab i l i ty .  
Chang and snyder21 a l so  developed a correlat ion f o r  iden t ica l  
t o  EQ. (52) with C2 = 0.145. They a l s o  developed an expression f o r  the  
" c r i t i c a l  temperature difference," which has been moriified by Merte and 
~ l a r k ' 9  t o  apply t o  l iqu id  nitrogen. I n  t h i s  form it appears as 
' 
---- Eq. (52) 
1.0 0.6 0.33 .17 Ref. 3 for a/g = 1 
Note: Data at P = 1 atm from Ref. 19 
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Fig. 53. Comparison of experimental and predicted (Q/A),. 
, ,  Eq. ( 5 1 )  Ref. 20 
where 
and   AT,^),^ is  the temperatcre difference at  which (q/A)=, is  obtained. 
Equation (55) i s  shown i n  Fig. 44 f o r  P = 1 atmosphere and a range of values 
of (a/& and also f o r  P = J and 5 atmospheres a t  (a/g) = 1. It may be 
noted t h a t  Eq. (55) predicts t h a t   AT^^^)^^ w i l l  decrease as (a/g) decreases 
and a l s o  as the pressure i s  increased. A decrease of   AT,,^),, with de- 
creasing (a/g) wa3 observed on Fig. 26, but the  predicted decrease of 
 AT^^^)^^ with increasing pressure i s  not seen on t h i s  f igure.  
The e f fec t  of subcooling on peak heat f lux  i s  pronounced, as may be 
seen on Fig. 26. One correla t ion f o r  predicting t h i s  e f fec t  is  tha t  pro- 
posed by Zuber,Tribus, and westwater35 as quoted by Kreith2, which is  
given as 
where 
The correlat ion of ~ o ~ e s , ~ '  Eq. (51), which predicted the experimental data 
quite accurately, was used for  evaluating The ((dA)-)sc 
was evaluated f o r  3 atmospheres at  15OF subcooling and f o r  5 atmospheres at  
25OF subcooling a t  (a/g) = 1 and 0.17. The r a t i o s  of ( ( q / ~ )  ) t o  max sc  
( ( Q / A ) ~ J  sat were formed a d  are shown i n  Fig. 54. Also shown a r e  the same 
0 . 1  1 . 0  
8/45 
Fig.  54. Effect of subcooling on (Q/A),. 
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r a t i o s  obtained from t h e  experimental r e s u l t s  with the  l - inch diameter 
sphere. 
The l imi ted number of data  points ,  pa r t i cu l a r ly  a t  (a/g) = 0.17, r e -  
s t r i c t s  t h e  v a l i d i t y  of the comparison of predicted and experimental 
values. With t h i s  r e s t r i c t i o n  i n  mind, the  predict ion seems good a t  (a /g )  = 
1, but p red ic t s  too high a value a t  (a /g )  = 0.17. The predicted value of 
( ' ~ / A ) ~ J ~ ~ / ( ( ~ A ) ~ ~ J ~ ~ ~  a t  (BIB) = 0.01 and 5 atmospheres w i t h  25OF 
subcooling (not  shown on Fig.  54) i s  7.72. Although no data  were obtained 
a t  t h i s  (a /g ) ,  the  r e s u l t s  shown on Fig.  25 f o r  (a/g)  < 0.002 do not in-  
d i ca t e  t h a t  a di f ference  of t h i s  magnitude i s  probable. Unt i l  more exper- 
imental r e s u l t s  a t  (a /g)  < 1 a r e  avai lable ,  it appears Eq. (56) should be 
used with caution a t  (a/Q) < 1. 
3. Nucleate Boiling 
Saturated nucleate pool boi l ing has been invest igated extensively, and 
many cor re la t ions  have been developed which pred ic t  ( q / ~ )  as a function of 
ATsat (see,  e .  g. , Fig.  5 of Ref. 44) .  The experimental r e s u l t s  have ex- 
h ib i ted  wide var ia t ions  of ( q / A )  with ATsat (see Fig. 35), so it i s  not 
surpr i s ing  t h a t  t h e  corre la t ions  exhibi t  similar var ia t ions .  A survey w a s  
made t o  determine which corre la t ions  most accurately predicted the  r e s u l t s  
obtained with the  l - inch diameter sphere with sa tura ted nucleate bo i l i p ;  a t  
1 atmosphere and (a/g) = 1. The equation of ~ohsenowll ,  given as 
and of  ~ i c h e n k o l ~ ,  given as 
most nearly predicted the  experimental r e su l t s .  Rohsenow predic ts  ( q / ~ )  
i s  proport ional  t o    AT^^^)^, which i s  v i r t u a l l y  the  same a s  t h a t  of Mich- 
enko,   AT,,^)'^/^. The measured slope of the reference curve ( a s  i n t r o -  
duced i n  Chapter V I )  i n  t he  nucleate boi l ing region is  3.4. The predic- 
t ion of  Rohsenow incorporates an empirical constant which must be reeval-  
uated f o r  each system. 
Variat ions i n  sa tura ted nucleate boi l ing heat f l u x  with var ia t ions  i n  
pressure have 'been predicted (see,  e . g. ,  Ref. 44).  The var ia t ions  pre- 
d ic ted  by Eq. (58) and (59) a r e  shown on Fig. 55, evaluated f o r  l i qu id  n i -  
trogen with ATscLt = 10°F. Experimental r e s u l t s  a r e  shown i n  Fig. 55. The 
point a t  1 atmosphere i s  taken from the reference curve, and the  e r r o r  
l i m i t s  represent  a combinati.on of t20$ maximum e r ro r  i n  (q/A) and kl°F max- 
i m u m  e r r o r  i n  ATsat; t he  maximum t o t a l  e r ro r  is  estimated t o  be +65$, -45%. 
Equation (58) pred ic t s  a decreasing e f f e c t  of pressure on (q/A) as pressure 
increases; Eq. (59) pred ic t s  an  increasing e f f e c t  of pressure on ( q / ~ )  as 
pressure increases.  The data appear t o  demonstrate a n  increasing e f f e c t  
of pressure on ( q / A )  as pressure increases.  
There i s  no apparent e f f e c t  o f  var ia t ions  i n  (a/g)  on nucleate boi l ing.  
This has been observed by severa l  authors (see,  e.g. ,  Refs. 16, 17, 18, 19, 
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Fig. 55. Effect of pressure and subcooling on nucleate boiling heat flux. 
and 56). It may be noted that Eq. (58) predicts  a 112 power dependence on 
(a/g) and Eq. (59) predicts  a -213 power, which indicates inadequacies i n  
the  models used i n  developing these correlations. Equation (58) is plot ted 
on Fig. 44 t o  show the predicted ef fec ts  of (a/g) and pressure. 
There are no apparent e f fec t s  of subcooling on nucleate boi l ing a s  may 
be seen from Figs. 27 and 55. ~cAdamsl and Xrieth2 have shown data plotted 
as ( q / ~ )  vs. ATsat over a wide range of variables and demonstrated t h a t ,  
f o r  a given value of (q/~), nucleate boil ing data f a l l  vrithin a range of 
,355 of the  nominal value of ATsat regardless of the degree of subcoollng. 
Forster  and Greif14 examined several proposed nucleate boil ing mechanisms 
and concluded that the process of 1iqui.d-vapor exchange taking place every 
time a bubble g:.3ws and then collapses on, o r  detaches from, the heating 
surface can account fo r  the heat f lux  i n  nucleate boiling. The e f fec t  of 
subcooling on the maximum bubble radius and the bubble l i fe t ime largely 
cancel each other, accounting for  the  apparent insens i t iv i ty  of heat f lux  
t o  subcooling. When 'both of these factors  were taken in to  account, Forster 
and ~ r e i f l - ~  showed t h a t  the  data of ~ U i o d O  fo r  water which was subcooled 
from 35OF t o  150°F would not be expected t o  show more than 15% varia t ion i n  
heat flux. 
The correlat ions suggested f o r  use with saturated nucleate boil ing 
should be equally applicable t o  subcooled nucleate boiling. Figure 55 shows 
t h a t  subcooled nucleate boi l ing is  not sensi t ive  t o  variat ions i n  (a/g) 
w -  th in  the range examined, again i n  contrast t o  the dependence predicted 
by t ~ l e  correlat ions.  
+ Free Convection 
~ c ~ d a m s '  presents an equation f o r  the  cor re la t ion  of data  f o r  s ing le  
hor izonta l  cyl inders with heat t r ans fe r  by na tura l  convection. Kreith2 
notes t h a t  t h i s  equation may a l so  be applied t o  spheres. McAdams recommends 
app l ica t ion  t o  cylinders only f o r  103 c G r - P r  < 109. Kreith suggests use 
f o r  103 < G r  < 109 and R > 0.5 f o r  cyl inders,  and suggests that f o r  
spheres, us ing the  sphere radius  as the  cha rac t e r i s t i c  length,  G r  should 
be greater  than 103. The equation i s  given by Kreith as 
Nu = 0.53 ( ~ r - P r )  1/4 
which may be rewrit ten as 
Equation (61) i s  shown on Fig. 56 with the  subcooled f r e e  convection 
d a t a  presented i n  Fig.  29. Agreement i s  good. Equation (60) w a s  derived 
for  laminar flow. The calculated values of G r  f o r  these  t e s t s  were 'between 
lo6 and lo7. This normally indicates  laminar flow, jus t i fy ing  appl ica t ion 
of  Eq. (60). The cor re la t ion  is  r e l a t i v e l y  insens i t ive  t o  var ia t ions  i n  
pressure i n  the  region invest igated 'because of the  incompressi 'bility of the  
l i qu id .  The calculated value of ( q / ~ )  decreased by l e s s  than 4% when the  
pressure was increased from 3 t o  5 atmospheres. 
Fig. 56. Heat flux with free convection. 
CHAPTrn VIII 
SUMMARY AND CONCLUSIONS 
The purpose of t h i s  s tudy w a s  t o  inves t igate  the  e f f e c t  of var ia t ions  
i n  the g rav i t a t i ona l  f i e l d  on the  'boiling phenomena. I n  order  t c  make the  
r e s u l t s  as general  as possible,  severa l  d i f f e r en t  physical configurations 
were invest igated a t  various pressures and degrees of subcooling. 
The r e s u l t s  obtained, i n  addi t ion t o  providing quant i ta t ive  data ,  a l s o  
permi.tted more complete comparisons between these  data  and various cor- 
r e l a t i ons  which have been suggested f o r  various bo i l ing  regimes. These com- 
pa.risons i n  t u rn  a i d  i n  determining the  s ignif icance of various parameters 
i n  the  e f f e c t  they have on the  bo i l ing  phenomena. 
The configurations invest igated were a 1-inch diameter sphere, a 1/4- 
inch diameter sphere, and a 3-inch diameter d i sk  with the  heat ing surface 
i n  a v e r t i c a l ,  a hor izonta l  heating up, and a horizontal  heat ing down 
or ien ta t ion .  A l l  of these configurations were invest igated i n  the  f i l m -  
'boiling region, bu t  only t h e  1-inch diameter sphere r e su l t s  a r e  presented 
i n  the  o ther  bo i l ing  regimes (minimum heat f l ux ,  t r a n s i t i o n ,  maximum heat  
f l ux ,  nucleate,  and free-convection regions ) . Pressures used were 1, 3, 
and 5 atmospheres. Nominal subcooling l eve l s  o f  15OF a t  3 atmospheres 
and 25OF a t  5 atmospheres were used as well as sa tura ted conditions a t  a l l  
t h r ee  pressures.  The norifilm bo i l ing  regions were not covered as compre- 
hensively as the f i l m  boi l ing region, and i n  general only one or  a t  most 
a few points  were taken at  any par t i cu la r  set of  conditions. The reason 
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f o r  t h i s  was the desire  to  examine a very wide range of new si tuat ions ,  
ra ther  than t o  cover a single combination i n  great depth. 
Over t h e  range of accelerations, pressures, subcoolings, and config- 
urations covered i n  t h i s  study, the following conclusions can be drawn: 
For a sphere for which the diameter i s  la rger  than the calculated value of 
Ad 9 
113 1. I n  the film-boiling region, (q /A)  i s  pmportional t o  (a/g) and 
decreases with increasing sphere diameter. 
2. I n  the minimum heat f lux  region, ( q / ~ ) ~ ~ ~  i s  proportional t o  
(a/g)1/4, but   AT,,^ is  not affected by variat ions i n  (a/g), 
pressure, o r  subcc 7ling. 
3 -  For values of bTSat between (AT ) and (bTSat I,x, a sudden 
s a t  min 
decrease i n  (a/g) causes a sudden Accrease i n  ( q / A )  fcllowed b y  an 
increasing (q/A) with decreasing ATsat which has the appearance of 
t r ans i t ion  boili.ng. The t ransient  technique used here thus makes 
the re la t ionship between ( q / ~ )  and ATsat a many-valued, ra ther  
than a single-valued, function i n  the  t rans i t ion  'boiling region 
with (a/g) l e s s  than 1. A t  (a/g) = 1, the ( q / ~ )  vs. ATsa% re- 
la t ionship i n  the t rans i t ion  boil ing regime was not affected 'by 
pressure o r  subcooling. 
4. The values of the peak heat f lux  and . ~ f  S AT^^^ )nurx a re  propor- 
1 /4 t i o n a l  t o  (a/g) . 
5 .  Nucleate boi l ing is not affected by variations i n  (a/g), pressure, 
o r  subcooling; ( q / ~ )  i s  proportional to   AT.,^ )3-4  
For a d isk  o r  f o r  a sphere fo r  which the  diameter i s  smaller than the cal-  
culated value of &, i n  the  film-boiling region, 
2/9 6. The heat f lux is  proportional to (a/g) . 
7. The appearance of the vapor film on t h e  disk changes s ignif icant ly  
with a change i n  clrientation. 
8. For a f l a t  pla te  o r  disk of suf f ic ien t ly  small dimensions ( i . e . ,  
l a rges t  dimension 3 t o  6 inches) there does not appear t o  be any 
e f f e c t  of or ientat ion on heat f lux.  
9. A change i n  the shape of the  t e s t  surface (as from a sphere t o  a 
d i sk )  may be accompanied by a change i n  ( q / ~ )  at a given ATsat 
APPENDIX A 
REDUCED DATA AND SAMPU PHOTOGRAPHS 
1. REDUCED HEAT TRANSFER DATA 
Column Headings : 
Run Number: for identification purposes 
Boiling Region: P, film; Min, ( A ) ~ ~ ~ ;  T, transition; 
Max, ( A ;  N, nucleate; FC, free 
convect ion 
Pressure: 
Subcooling: 
in psia 
in OF 
a/g: measured 
Configuration: test object shape, size, or orientation 4 
Pressurizing Medium: for pressures of approximately 14 psia, 
medium is understood to be atmospheric I 
air; at higher pressures, compressed gas 
I 
I 
i 
of indicated qonstitution was used 
Run BoiLLng Pressure Subcooling a/g p / ~  T-TBat Configuration Pressurizing 
Number Region Medium 
F 
F 
F 
F 
F 
F 
F 
F 
F 
Min 
T 
T 
T 
T 
T 
T 
Max 
N 
N 
N 
N 
F 
F 
F 
F 
F 
F 
F 
F 
112-inch sphere 
112-inch sphere 
l/2-inch sphere 
112-inch sphere 
112- inch sphere 
112-inch sphere 
l/2-inch sphere 
1/2-inch sphere 
112-inch sphere 
l/2-inch sphere 
1/2-inch sphere 
1/2- inch sphere 
1/2-inch sphere 
112-inch sphere 
1/2-inch sphere 
1/2- inch sphere 
l/2-inch sphere 
l/2-inch sphere 
112-inch sphere 
112-inch sphere 
112-inch sphere 
112-inch sphere 
112-inch sphere 
1/20 inch sphere 
112-inch sphere 
112-inch sphere 
112-inch sphere 
1/2-inch sphere 
112- inch sphere 
R u n  28 
-
28-A F 14.7 0 1 2,040 61 112-inch sphere 
28.~ F 14.7 0 0 680 51.2 1/2-inch sphere 
28-B F 14.7 0 1 2,050 60 112-inch sphere 
28-B Min 14.7 0 1 ~ J O ~ X )  50 l/2-inch sphere 
28-B T 14.7 0 1 2, $20 44 1/2-inch sphere 
28.~ T 14.7 0 0 1,450 43 112-inch sphere 
28-B T 14.7 0 0 1,850 41 112-inch sphere 
28-c F 14.7 0 1 1,800 49 l/2-inch sphere 
28-@ Min 14.7 0 1 1, 770 42 1/2-inch sphere 
28-c T 14.7 0 1 2,550 40 1/2-inch sphere 
28-c T 14.7 0 0 920 39 1/2-inch sphere 
28-c T 14.7 0 0 1,700 39 l/2-inch sphere 
28-D T 14.7 0 1 2,100 43.5 1/2-inch sphere 
2 % ~  T 14.7 0 1 2,250 43 l/2-inch sphere 
28-D T 14.7 0 1 2,650 42.5 112-inch sphere 
28-D T 14.7 0 1 3,050 41.5 l/2-inch sphere 
28-D T 14.7 0 1 4,700 40 112-inch sphere 
28-D T 14.7 0 1 7, 300 3% 1/2-inch sph 're 
28-D T 14.7 0 1 14,600 32 l/2-inch sphere 
28-1) T 14.7 0 1 19,500 31 112-inch sphere 
28 .~  T 14.7 0 1 25~5oo  27.5 112-inch sphere 
28-n T ll+. 7 0 1 39 J 500 23.5 112-inch sphere 
28-D Mex 14.7 0 1 4 5 , a  20.5 112-inch sphere 
2 8 . ~  I 14.7 0 1 43,800 lt? 112-inch sphere 
Run Pressure  Subcooling a/g p / ~  P r e s s u r i z i n g  T-T,,t Configuration 
Number Region Medium 
N 
N 
N 
N 
N 
N 
N 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
Min 
T 
T 
T 
T 
T 
T 
T 
T 
T 
Mzx 
N 
N 
N 
l /2-inch sphere 
l /2-inch sphere 
1/2-inch sphere 
1/2-inch sphere 
1/2-inch sphere 
1/2-inch sphere 
1/2-inch sphere 
112-inch sphere 
1/2-inch sphere 
112-inch sphere 
112-inch sphere 
112-inch sphere 
112-inch sphere 
1/2-inch sphere 
112-inch sphere 
1/2-inch sphere 
l/2- inc  h sphere 
1/2-inch sphere 
112- inch sphere 
1/2-inch sphere 
1/2-inch sphere 
1/2-inch sphere 
1/2-inch sphere 
1/2-inch sphere 
1/2-inch sphere 
1 '?-inch sphere 
1/2-inch sphere 
1/2-inch sphere 
1 / 2 - i ~ c h  sphere 
1/2-inch sphere 
112-inch sphere 
1/2-inch sphere 
1/2- inch sphere 
1/2-inch sphere 
112-inch sphere 
Min 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
Max 
N 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-Inch sphere 
1- inch sphere 
1- inch sphere 
1-inch sphere 
1- inch "phere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
Run Pressure Subcooling a/g S/A T-Tsat Configuration Pressurizing 
Number Region Medium 
N 
N 
T 
T 
T 
Max 
N 
N 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
T 
T 
T 
T 
T 
T 
T 
T 
Max 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1- inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1.-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
- -- - 
Run pressure ~ubcool ing  a/g p / ~  T-T,,t Con. igurat ion Pressurizing 
Number Region Medium 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
Min 
T 
T 
T 
Max 
N 
N 
N 
F 
F 
F 
F 
F 
F 
F 
Min 
T 
F 
F 
F 
F 
F 
F 
F 
F 
F 
Min 
T 
T 
T 
Min 
T 
T 
T 
M a x  
N 
N 
N 
N 
Run 56 
-
1 12,070 
1 9,630 
1 8,340 
1 7,410 
1 5,140 
1 3,980 
1 4,530 
1 14,650 
1 10,630 
1 9,830 
1 9,600 
1 6,040 
1 5,740 
1 5,340 
1 5,620 
1 4,890 
1 4,690 
1 5,843 
1 10,960 
1 35,600 
1 4,500 
1 8,350 
1 25,260 
1 53,110 
l. 90,930 
1 47,960 
1 16,460 
1 7,700 
1 1,320 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
I-inch sphe?.-e 
1-inch sphere 
1 - i ~ c h  sphere 
1- inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
I- inch sphere 
1-inch sphere 
1-inch sphere 
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
A i r  
Air 
A i r  
A i r  
A i r  
A i r  
Run Pressure Subcooling a/g p / ~  T-Teat Configuration Pressurizing 
Number Region Medium 
T 
T 
T 
Max 
N 
N 
N 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
Min 
T 
T 
Max 
N 
N 
Max 
N 
N 
F 
F 
F 
F 
F 
T 
T 
T 
Max 
N 
N 
FC 
F 
F 
F 
F 
F 
F 
Min 
T 
T 
Max 
N 
N 
T 
7,580 
19,010 
b l ,  340 
117,850 
59,270 
20,710 
5,030 
15,400 
Run 57 
1 11, 200 
1 10,750 
1 9,000 
1 8,600 
1 8,900 
1 8,600 
1 8,150 
1 6,300 
1 6,200 
1 5,900 
1 4,270 
1 13,200 
1 38,100 
1 80,240 
1 45,660 
1 19 , 920 
1 88,900 
1 29,580 
1 8,500 
1 14,800 
1 10,800 
1 7,010 
1 6,250 
1 5,960 
1 7,400 
1 18,130 
1 64,450 
1 104,710 
1 56,840 
1 22,130 
1 2,5w 
1 7,680 
1 9,150 
1 8,110 
1 6, EO 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1- inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-i; .h sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphe1,e 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
272 1/4-inch sphere 
269 l / k i n c h  sphere 
69 1/4-inch sphere 
45 1/4-inch sphere 
35 1/4-inch sphere 
24 l / k i n c h  sphere 
12 l / k i n c h  sphere 
5 114-inch sphere 
60 1/4-inch sphere 
Helium 
Helium 
Helium 
Helium 
Helium) 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
H e l i m  
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
He 1 im 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Run Pressure Subcooling a/g q / ~  T-Teat Configuration Pressurizing 
Number Region Medium 
T 
T 
T 
T 
Max 
N 
N 
N 
N 
N 
F 
F 
F 
F 
F 
F 
F 
Min 
T 
T 
T 
Max 
N 
N 
N 
N 
T 
T 
T 
T 
T 
T 
T 
Run 60 
-
44.1 14 1 5,OW 
44.1 14 1 6,800 
44.1 14 o 8,790 
44.1 14 O 5,310 
44.1 14 O 2,590 
44.1 14 o 6,130 
No D a t s  
44.2 16 1 42,2150 
44.2 16 1 95,750 
44.2 16 0 104,270 
44.2 16 O 78,670 
44.2 16 O 38,750 
44.2 16 o 16,470 
44.2 16 0 5,010 
44.2 15 1 16,060 
44.2 15 0 13,140 
44.2 15 o 8,100 
44.2 15 O 20,580 
44.2 15 0 22,290 
44.0 15 1 4,920 
44 .O 15 1 7,080 
l/4-inch sphere 
l/b-inch sphere 
114-inch sphere 
1/4-inch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
l/b-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
114-inch sphere 
114-inch sphere 
1/4-inch sphere 
114-inch sphere 
114-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
Heliun 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helicm 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Heliuin 
Helium 
Helium 
Helium 
44 1-inch sphere Helium 
40 1-inch sphere Helium 
35 1-inch sphere Helium 
34.2 1-inch sphere Helium 
33.8 1-inch sphere Helium 
33 1-inch sphere Helium 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
l-inch sphere 
1-inch. sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Run 
Number 
60-E 
60-E 
60-F 
60-F 
60-F 
60-F 
60-F 
60-G 
60-0 
60-G 
60-0 
60-G 
60-G 
60-G 
60-G 
60 -G 
60-G 
Pressure subcooling a/@ p / ~  
Region 
T 
T 
N 
N 
N 
N 
N 
T 
T 
T 
T 
T 
T 
T 
Max 
N 
N 
Run 61 
T-Teat Configuration Pressurizing 
Medium 
1- inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1- inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
Helium 
Helium 
Helium 
Helium 
Heliuhl 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Run Pressure Subcooling a/g q,/A T-Ts,t Configuration Pressurizing 
Number Region Medium 
Run 62 
F 
F 
F 
Min 
T 
T 
T 
T 
T 
T 
Max 
N 
Min 
T 
T 
T 
T 
T 
T 
T 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
Run 63 
-
1 6,720 
0.17 4,360 
1 4,360 
0.17 3,370 
1 7,400 
0.17 3,550 
1 12,000 
0.17 7,050 
1 8,800 
1 9,400 
0.17 5,400 
1 8,850 
0.17 6,000 
1 9,560 
1 8,370 
0.17 5,770 
1 10,550 
0.17 6,060 
1 5,140 
0.17 3,400 
1 3,670 
0.17 2,360 
1 7,300 
0.17 5,770 
1 9,070 
0.17 7,800 
1 3 , 120 
1/4-inch sphere 
1/4-inch sphere 
l/b-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
l/lr- inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4- inc h sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
l / b i n c h  sphere 
1/4- inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4- inch sphere 
1/4-inch sphere 
1/4-inch sphere 
l/4-inch sphere 
l/h-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
@-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
l/b-inch sphere 
1/4-inch sphere 
1/4- inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
l/4-inch sphere 
1/4-inch sphere 
Helium 
Helium 
Helidm 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Run Pressure Subcooling a/g q / ~  
Number Region 
F 
F 
Min 
T 
T 
T 
T 
Max 
N 
N 
N 
N 
T 
T 
T 
T 
Max 
N 
N 
F 
Min 
T 
T 
Max 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
FC 
FC 
FC 
FC 
11 
N 
N 
Run 64 
-
1 11,600 
1 10,350 
0.17 6,000 
1 8,550 
1 14,680 
0.17 8,530 
1 12,450 
1 10,940 
T-Tsat Configuration 
1/4-inch sphere 
1/4-inch sphere 
&inch sphere 
114-inch sphere 
114-inch sphere 
l/b-inch sphere 
114- inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4- inch sphere 
114- inch sphere 
114- inch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
114-inch sphere 
114-inch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
114-inch sphere 
1,/4-inch sphwe 
1/4-inch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphr- 
1/4-inch sphere 
l jb- inch sphere 
1/b-inch sphere 
114-inch sphere 
114- inch sphere 
114-inch sphere 
114-inch sphere 
l/4- inch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
l/b-inch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inc? sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
Pressurizing 
Medium 
Helium 
Helium 
Helium 
Heli1-q 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
He Uum 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
He 1 ium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Run Pressure 
Number Region 
F 
F 
F 
F 
F 
Min 
T 
T 
T 
Max 
N 
N 
Min 
T 
T 
T 
T 
T 
T 
Max 
N 
N 
T 
Max 
N 
N 
Max 
N 
N 
N 
N 
F 
F 
F 
F 
F 
F 
F 
F 
F 
Subcooling a/g q / A  Configuration 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
l-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1- inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch spheie 
1-inch sphere 
Vert ical  disk 
Vert ical  disk 
Vert ical  disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vert ical  disk 
Vert ical  disk 
Vertical disk 
Vert ical  disk 
Vertical disk 
Vertical disk 
Vert ical  disk 
Vertical disk 
Vertical disk 
Pressurizing 
Medium 
Helium 
Helium 
Helium 
Helium, 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Heliwn 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Heliuu 
Run Pressure Subcooling a/g q / ~  T-Ts,t Configuration Pressurizing 
Number Region Medium 
F 
Min 
T 
T 
Max 
N 
N 
N 
N 
Run 66 
1 12,250 
0.16 7,500 
1 10,420 
0.16 7,200 
1 7 , 3 3  
0.16 5,570 
1 19,270 
0.16 13,300 
1 16,760 
0.16 11,040 
1 29,000 
0.16 20,960 
1 22,800 
0.16 16,000 
1 13,040 
0.16 3,610 
0.16 6,210 
1 9,480 
0.16 7,150 
Run 67 
Vertical disk Helium 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vwtical  disk 
Vertical disk 
Vertical disk 
Vertical. disk 
ver t ica l  disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
:felium 
Helium 
Helium 
Helium 
Me lium 
Helium 
Helium 
Helium 
Helium 
Run 68 
68-A F 50.8 2 1 15,160 2% Vertical disk Nitrogen 
68-A F 50.8 2 0 8,325 283 Vertical disk Nitrogen 
6 % ~  F 47.8 0 1 14,420 199 Vertical. disk Nitrogen 
68-B F 47.8 0 0 6,340 196 Vertical disk Nitrogen 
Rur l  Pressure Subcooliw a/g q / ~  T-Tsat Configuration Pressurizing Number Region Medium 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical d$.sk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Vertical disk 
Nitrogen 
Nitrogen 
Nitrogen 
W itrogen 
~i t rogeh 
Nitrogen 
Nitrogen 
loitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Ritrogen 
Nitrogen 
Nitrogen 
Run 69 
-
69-A F 14.4 -6--13 1 9,570 308 Disk heating up 
69-A F 14.4 - 6 0 - 1 3  1 10,990 244 Diskheatingup 
@-A F 14.4 -60-13  1 8,900 2 ~ 2  D i s k  heat* up 
69-A F 14.4 - 6- -13 1 7,010 155 Disk heating up 
69-A F 14.4 -60-13 1 6,540 u 7  Diak heating up 
69-A F 14 .4 -6--13 1 6,250 95 Disk heating up 
69-A Min 14.4 - 6- -13 1 ~ D W  75 D i d  heating up 
69-A T 14.4 - 6- -13 1 59 W 60 Disk heating up 
69-A T 14.4 - 6-9 -13 1 8,650 54 ~ i s k  heating up 
T 
69-A F 
14.4 - 6- -13 1 18,610 49 Disk heating UP 
-B 69.6-a.8 1-4 1 16,510 2'T1 D i s k  heating up Nitrogen 
69-B F 69.6-80.8 1-4 1 13,980 202 Disk heat- up Ritrogen 
69-B F 69.6-80.8 1-4 1 12,250 160 DPsk heating up Nitrogen 
69-B F 69.6-80.8 1-4 1 UDS% lV Disk heating up Nitrogen 
69-B F 69.6-80.8 1-4 1 10,500 90 Diskheatingup Nitrogen 
69-B F 69.6-80.8 1-4 1 9,840 69 D i s k  heating up Nitrogen 
69-B Min 69.6-80.8 1-4 1 8,810 58 Disk heating up Nitrogen 
69-B T 69.6-80.8 1-4 1 15,000 48 Disk heating up Nitragen 
694  F 76.6 - 5  1 1697'70 275 ~ i s k  heat- up Nitrogen 
694  F 76.6 - 5  0.16 13,500 270 Disk heating up Mitxogen 
69-D F 72 09 - 4 1 13,920 196 Disk heating up Nitrogen 
69-D F 72 -9 - 4 0.16 1 ~ ~ 1 0 0  A Disk heating up H i t r o g e ~  
.- 
Run 
limber 
69-E 
69-E 
69-F 
69-F 
69-r 
69-F 
69-P 
69-F 
69-F 
69-F 
69-F 
69-a 
6 9 4  
69-11 
69-H 
69-1 
69-1 
694 
69- J 
69-K 
69-K 
69-L 
69-L 
Boili' ~rssmre subcooling a/g p / ~  
Region 
F 
F 
F 
F 
F 
F 
F 
F 
Min 
T 
T 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
Min 
T 
T 
F 
F 
F 
F 
F 
F 
F 
Min 
T 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
T-Ts,t Configuration 
320 
254 
209 
164 
130 
loo 
77 
60 
60 
43 
288 
231 
185 
153 
120 
95 
74 
56 
44 
275 
259 
194 
189 
lI.2 
107 
272 
225 
174 
136 
102 
80 
63 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating up 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk hevting dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heeting dn  
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk h e a t i x  dn 
Disk heating dn 
Disk heeting dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Pressurizing 
Medium 
Nitrogen 
Nitrogen 
Helium 
Helium 
Helllhl 
Helium 
Helium 
Hellum 
Helium 
Helium 
Hellum 
Helium 
Helium 
Helium 
Helium 
H e l i u m  
Helium 
Nitrogen 
Wu'itrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Helium 
HeUum 
Helium 
Bolium 
Hellum 
Helium 
Helium 
Run Pressure Subcooling 
Number Region 
Run 71 
1 12,960 
0 8,780 
1 9,860 
0 7,750 
1 7 , 6 3  
0 5,550 
1 12,960 
0 8,200 
1 IO,G50 
0 7,710 
1 7,240 
0 5,480 
1 16,900 
0 9, 92r 
1 14,580 
0 9,700 
1 27,900 
0 15,410 
1 20,850 
0 10,590 
1 16,750 
O 11,590 
1 17, WO 
0 15, * 
1 21,900 
0 15,420 
1 19,440 
0 13,300 
1 13,560 
0 10,220 
Run 72 
1 6,820 
1 6,100 
1 5,650 
1 5,000 
1 4,560 
1 4,280 
1 3,820 
1 3,110 
1 2,960 
1 2,760 
T-Tsat Configuration Pressurizing 
Medium 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
DisS heating dn 
C l  OK heating dn 
Disk heating dn Helium 
Disk heating dn Helium 
Disk heating dn Helium 
Disk heating dn Helium 
Disk heating dn Helium 
Disk heating dn Helium 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heat i7g dn 
Disk heating dn 
Disk hsating dn 
Disk heating &I 
Disk heating dn 
Dish heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
Disk heating dn 
l i b i n c h  sphere 
114-inch sphere 
114-inch sphere 
l/b-inch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
114-inch sphere 
114-inch sphere 
l/k-inch sphere 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Helium 
He1 ium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Heliu?u 
Helium 
Helium 
Helium 
Run Pressure 
Number Region 
F 
Min 
T 
T 
T 
Max 
N 
N 
F 
Min 
T 
T 
T 
T 
T 
T 
T 
Max 
N 
N 
N 
N 
N 
N 
N 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
Min 
F 
F 
F 
F 
F 
F 
F 
F 
F 
Min 
T 
T 
T 
T 
T 
T 
F 
Mln 
T 
Subcooling Configuration 
Pressurizing 
Medilun 
I/&-inch sphere 
1/4-inch sphere 
1-&-inch sphere 
l/k-inch sphere 
l/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
I/&-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
l/4-inch sphere 
l/4-inch sphere 
l/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
I/)+-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-in:h sphere 
l/b-inc!! sphere 
1/4-inch sphere 
1/4-inch sphere 
l/k-inch sphere 
l/4-inch sphere 
1/4-inch sphere 
l/h-inch sphere 
I/&-inch sphere 
1/4-inch sphere 
l/b-ineh sphere 
I/&-inch sphere 
l/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
114-inch sphere 
1/4-inch sphere 
l/b-inch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch spher- 
114-inch sphere 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitzagen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Run Pressure Subcooling a/g p / ~  T-T,,t Configuration Pressurizing 
Number Region Medium 
T 
T 
F 
F 
Min 
T 
T 
F 
F 
F 
F 
F 
F 
F 
F 
Min 
T 
T 
T 
Max 
N 
N 
Min 
T 
T 
Max 
N 
N 
Mln 
T 
T 
T 
Max 
N 
N 
F 
Min 
T 
T 
T 
T 
Mln 
T 
T 
T 
T 
T 
Max 
N 
1 0 
1 0 
- 1 1 
- 1 1 
- 1 1 
- 1 0 
- 1 0 
12 1 
12 1 
12 1 
12 0 
i j c  (EST) 1 
14 (EST) 1 
14 (EST) 0 
14 (n;! o 
14 7 
14 1 
14 1 
14 1 
14 0 
14 0 
14 0 
12 1 
12 1 
12 1 
12 C; 
12 0 
12 0 
12 (EST) 1 
12 (EST) 1 
~ ~ ( E s T )  o
12 (EST) o 
12 (EST) o 
12 (EST) o 
12 (EST) o 
11 1 
11 1 
11 0 
11 0 
11 0 
11 0 
- 1 1 
- 1 1 
- 1 1 
- 1 1 
- 1 1 
- 1 0 
- 1 0 
- 1 0 
l/k-inch sphere 
1/4-inch sphere 
I./&-inch sphere 
1/4-inch sphere 
l/b-inch sphere 
1/4-inch sphere 
114- inch sphere 
1/4-inch sphere 
1/4-inch sphere 
l/b-indh sphere 
l/4-inch sphere 
1/4-inch sphere 
l/k-inch sphere 
l/h-inzh sphere 
114-inch sphere 
l/4-inch sphere 
1/4-inch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1,/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
114-lnch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
l/b-inch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
l /h-inch sphere 
1/4-inch sphere 
114-inch sphere 
1/4-inch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
114-inch sphere 
l/k-inch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
l/h-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
Helium 
Helium 
Helium 
He 1 ium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
He 1 ium 
Helium 
He 1 ium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
He 1 ium 
Helium 
Helium 
Helium 
s L J 2  
"(-A T 76.0 - 2 1 12,500 35 1-inch sphere Nitrogen 
7 3 4  T 76.0 - 2 1 44,430 28 1-inch sphere Nitrogen 
7 3 4  k x  76.0 - 2 1 76,590 19.5 1-inch sphere Nitrogen 
7 3 4  N 76.0 - 2 1 46,740 14.2 1-inch sphere Nitrogen 
73-A N 76.0 - 2 1 69 480 7.5 1-inch sphere Nitrogen 
7 3 4  N 76.0 - 2 1 1,130 3.7 1- inch sphere Nitrogen 
Run Pressure ~ubcoo l ing  a/g ~ J A  T-T,,t Configuration Pressurizing 
Number Region Medium 
T 
T 
T 
Max 
N 
N 
N 
T 
PI 
T 
T 
T 
Max 
N 
ri 
N 
N 
N 
N 
N 
F 
F 
F 
F 
Run 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch s p k r e  
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
Vertical disk 
Vert ical  disk 
Vert ical  d i sk  
Vert ical  d i sk  
Vert ical  d i sk  
Vert ical  disk 
Vert ical  disk 
Vert ical  disk 
Vert ical  disk 
Vert ical  disk 
Vert ical  disk 
Vert ical  d i sk  
Vert ical  disk 
Vert ical  d i sk  
Vert ical  diak 
Vert ical  d i sk  
Vert ical  d i sk  
Vert ical  d i sk  
Vertical disk 
Vert ical  disk 
Vert ical  disk 
Vert ical  disk 
Vert ical  d i sk  
Ver t ica l  d i sk  
Vert ical  d i sk  
Vert ical  d i sk  
Vert ical  d i sk  
Vert ical  disk 
Vert ical  d i s k  
Vert ical  d i sk  
Nitrogen 
Nitrogen 
Nitrogen 
~ i t ro&en  
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
N i  ~ r o g e n  
Nitrogen 
N i t  m gen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
N i  tzogen 
He 1 ium 
Helium 
Helium 
Helium 
Helium 
Helium 
Helium 
He 1 ium 
Helium 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
N i  t ro gen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Helium 
Helium 
Helium 
Helium 
Run Boiling 
Number Region 
75-D F 
75-D F 
7 5 4  F 
75-D F 
75-E F 
75-E F 
75 -E F 
75-E F 
75 -F F 
75 -F F 
75-G F 
75-G F 
75-H F 
75-H F 
75-H F 
75-H F 
75 -a F 
75-1 F 
75-1 F 
75-5 F 
75-5 F 
7 5 4  Min 
7 5 4  T 
75-K T 
75-K T 
7 5 4  T 
77-K T 
75-K Max 
7 5 4  N 
75-X N 
75-K N 
75-K a 
75-K N 
75 -L F 
7 5 4  F 
75-L F 
75-L F 
75-L F 
7 6 6  F 
76 .~  Min 
76-A T 
76-A T 
76-A T 
76.~ T 
76k4 M ~ U C  
76-A n 
76-A N 
76-B F 
76.~ F 
76-B F 
76-3 F 
76-B Min 
7 6 4  T 
76-B T 
Pressure 
- 
Subcooling a/g q / ~  Configuration 
Vert ical  disk 
Vert ical3 disk 
Vert ical  d i sk  
Vert ical  d i sk  
Disk heating up 
Disk heating up 
Disk heatlng up 
Disk heating up 
Msk heating dn 
Disk heating dn 
Disk heat ing dn 
Msk heating dn 
Disk heating dn 
Disk heating dn 
Msk heating dn 
Disk heating dn 
Disk heat ing dn 
Ver t ica l  disk 
Vert ical  d i sk  
Vert ical  disk 
Vert ical  d i sk  
Vert ical  d i sk  
Vert ical  d i sk  
Vert ical  disk 
Vert ical  d i sk  
Vert ical  disk 
Vert ical  disk 
Vert ical  d i sk  
Vert ical  d i sk  
Vert ical  d i sk  
Ver t ica l  d i sk  
Vert ical  disk 
Vert ical  d i sk  
Vert ical  d i sk  
Vert ical  disk 
Vert ical  d i sk  
Vert ical  d i sk  
Ver t ica l  d i sk  
Run 76 
114-inch s p h e e  
1/4-inch sphere 
1/4-inch ~ p h e r e  
1/4-inch sphere 
1/4-inch sphere 
114-inch sphere 
114-inch sphere 
114-inch sphere 
1/4-inch sphere 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
114-inch sphere 
l/4-inc h sphere 
114-inch sphere 
Pressurizing 
Medium 
Helium 
Helium 
Helium 
Helium 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitroqen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
N i  t rogen 
Nitrogen 
N i  t,mgsn 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Run Pressure subcooling e j g  p / ~  Pressurizing T-T,,t Configuration 
Number Region Medium 
76-B T 
76-B T 
76-B Max 
76-B N 
76 -B N 
76-8 N 
76-c F 
76-c F 
76-c Min 
76-c T 
76-c T 
76-c M ~ X  
76-c N 
76-c N 
76-D F 
76-D Min 
76-D T 
76-D T 
760.0 T 
76-11  ax 
76 -I, N 
76-D N 
76-E F 
76-E Mic 
76-E T 
76 -E T 
76-E T 
76-E T 
76 -E MSX 
F 
F 
T 
F 
Min 
T 
Min 
T 
T 
T 
mx 
N 
N 
Min 
T 
T 
T 
T 
T 
T 
Min 
T 
T 
T 
T 
T 
Run 77 
- 
114-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
l / 4  -inch sphere 
1/4-inch sphere 
1/4-inch sphere 
114-inch sphere 
l/b-lnch sphere 
1/4-inch sphere 
l/h-inch sphere 
l/b-inch sphere 
l/b-inch sphere 
1/4-inch sphere 
l/b-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphe-e 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
1/4-inch sphere 
l-inch sphere 
l-inch sphere 
l-inch sphere 
l - inch sphere 
l-inch sphere 
l-inch sphere 
l-inch sphere 
l-inch sphere 
l-inch sphere 
l - inch sphere 
l-inch sphere 
l - inch sphere 
l-inch sphere 
l - inch sphere 
l-inch s*ere 
l-inch sphere 
l-inch sphere 
l - inch sphere 
l-inch sphere 
l-inch sphere 
l-inch sphere 
l - inch sphere 
l-inch sphere 
l-inch sphere 
1 -inch ephere 
l-inch ephere 
Nitrogen 
Nitrogen 
N i  trogen 
~i t ro i en  
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
N i  trogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
N i  'cm' Dgen 
Nitrogen 
Nitrogen 
Ritrogen 
Mtrogen 
N i  t r o  gen 
Nttrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitroger? 
Run Pressure Subcooling a/g q / ~  T-Ts,t Configuration Pressurizing 
Number Region Medium 
T 
Max 
N 
N 
Mln 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
Max 
N 
N 
N 
F 
h!i n 
T 
T 
T 
T 
T 
Max 
N 
T 
T 
T 
T 
T 
T 
T 
T 
T 
k x  
N 
n 
N 
19 
n 
1-inch sphere 
1-inch sphere 
l-inch ciphere 
1-inch rphare 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch dpherc? 
1-inch sphere 
1-inch sphere 
2 -inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
l-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch ephere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-inch sphere 
1-tnch sphere 
1- imh sphere 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
N i  trogen 
N i  trogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
N i  troger. 
Nitrogen 
NI trogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
Nitrogen 
2. SAMPLE PHOTOGRAPHS 
One r e p r e s e n t a t i v e  frame p r i n t  i s  presented f o r  each test su r face  and 
l e v e l  of  ATsat f o r  which photographs were obtained.  I r r e g u l a r l y  shaped dark 
o b j e c t  a t  r i g h t  cen te r  o f  photographs i n  F igs .  A - 1  through A-4 i s  spacer 'be- 
t w e m  inner  and o u t e r  walls of  t ransparent  dewar. Wire frameworks beside 
tes t  sur faces  provided abso lu te  measurement re ference .  
Measurement Reference 
1-inch diameter sphere 
Saturated l i q u i d  
P = 1 atm 
( a h )  = 1 
Fig. A-1. Photographs of film boi l ing on a sphere. 
3-inch Diameter Ver t i ca l  Disk 
Satura ted  Liquid 
P = 1 s t m  
( a / d  = 1 
Fig. A-2. Photographs of f i lm  bo i l ing  on a v e r t i c a l  disk. 
Measurement Reference 
ATsat = O°F 
ATsat = J 70C1°F 
3-inch diameter horizontal  d i s k  
Heating up 
Saturated liquid 
P = 1 %+a 
(a/@;) = 1 
Fig. A-3 .  Photographs of f i lm boi l ing on a horizontzl  d i s k  heat. L- .T. 
3-'nch diameter horizontal disk 
Heating down 
Saturated liquid 
P = 1 a + m  
(a/d = 1 
Fig. A-4. Photographs of f i h  boiling on a horizontnl disk h 0 n t l . n ~  down. 
3 REDUCED PHCITOGRAPHIC DATA 
Column Headinga: 
ATsat : i n  OF 
Frame Number: f o r  i d e n t i f i c a t i o n  purposes 
Separat ion Point-R: angular  l o c a t i o n  above which vapor no 
longer  flows along t h e  sphere sur face ,  
r i g h t  s i d e  
Separat ion Point -L: angular  l o c a t i o n  a'bove which vapor no 
longer flows a l o r g  t h e  sphere surface,  
l e f t  side 
Film Thickness a t  Angular Location: f i l m  th ickness  i n  inches,  
angular  l o c a t i o n  i n  degrees clockwise from 
t o p  of s2here 
d i s t ance  i n  inches from bottom of  v e r t i c a l  
p l a t e  o r  l e f t  s i d e  of hor izonta l  p l a t e  
i n  inches 
Pos i t ion:  
Film Thickness: 
Frame Separation Separation Film Thickness a t  Angular k c a t i o n  
A T ~ a t  No. Point-R Point -L 30" 60" 90" 130" 160" 200" 230" 270" 300" 330" 
loo0 1 21" 338" .o40 .018 .olg .013 .017 .026 .018 .028 .022 .w5 
loo0 2 30" 325" .027 .028 .023 0 .W .017 0 1  -019 .022 .@5 
100" 3 45" 305" .115 .018 -023 . oog .008 . oog .olS .014 ?18 2 7  
VERTICAL DISK 
Frame Experimental Measurements 
AT,at No, 1 2 3 4 5 6 
loo0 1 ~ o s i t i  on .12 ,63 1.12 1.85 2.37 100" Fi lm Thizkness ,029 .048 .05e ,096 077 
loo0 Position .96 1.05 1.31 2.46 2.78 
loo0 2 Film Thickness ,058 ,067 ,087 ,096 "087 
100" Position .30 1 . 4  1.58 2.31 
100" 3 Film Thickness ,058 .067 077 .087 
100" 4 Position 50 . 77 2 .21  2.56 100° Film Thickness .05i, ,058 .087 .lo6 
200° 1 Position 15 ,76 1 .42  2.13 2.54 200" Film Thickness 035 .069 .086 . 173 155 
200" 2 Position -22 .62 93 1.55 2.70 20O0 Film Thickness .O52 .052 ,069 ,086 . l47 
200" 3 Position .43 .1.22 1.75 1.89 2.46 200" Film Thickness .043 1078 095 ,121 .112 
2Oo0 4 Pobition .51 .84 2.05 2.47 2.84 200" Film Thickness .061 .086 ,130 ,138 ,196 
200' 5 Position .24 1.10 1.28 1.36 2.63 200" Fi lm Thickness .oh3 ,078 .078 .I12 155 
300" 1 Posit ion -14 .52 1.08 1.38 2.35 300" F i lm Thickness ,102 ,092 ,092 133 153 
300" Position .89 1.27 1.55 1.97 2.29 
300" 2 F i lm Thickness .072 ,082 ,102 .I12 ,112 
500" 3 Position 37 49 .73 1.16 1.69 2.16 300" F i lm Thickness .051 ,061 .051 ,082 .072 ,143 
300" 4 Position 1.46 1.83 2.42 2.68 2.83 
300" Film Thickness .061 133 173 173 ,163 
300" Position .81 1.01 1.76 2.10 2.71 
300 " Fi lm  Thickness -061 .061 -061 -092 .lo2 
189 
HORIZONTAIl DISK HEATING UP 
Frame Experimental Measurements 
hTsat NO. 1 2 3 4 5 6 
- 
10QO 1 Position .11 1.08 2.11 2.66 100" Film Thickness 033 .022 .028 ,028 
loo0 2 Fbsition .7l 1.68 1.94 2.59 2.83 
100" Film Thickness ,044 039 . 039 033 039 
loo0 3 Position .ig 1.28 1.58 1.99 100° Film Thickness 033 "028 ,044 .028 
Position 
Film Thickness 
Position 
Film Thickness 
Posit ion 
Film Thickness 
Position 
Film Thickness 
Position 
Film Thickness 
Position 
Film Thickness 
Position 
Film Thickness 
Position 
Film Thickness 
Position 
Film Thickness 
Position 
Film Thickness 
Position 
Film Thickness 
Position 
Film Thickness 
r _* *ru Mi*..". 
HOR?iZONTAL DISK HEATING DOWN 
Frame Experimental Measurements 
**sat No. 1 2 3 4 5 
100" Posi t ion .67 1.26 1.79 2 33 2.89 
100" 1 Film Thickness .041 .041 .049 .049 057 
100" Posi t ion .52 1.11 1.67 2.18 2.74 
100" 2 Film Th.ickness ,041 033 ,041 ,041 ,041 
100" l?osition 38 99 I.. 56 2.08 2.65 
100" 3 Film Thickne~s  ,041 ,041 .041 , (941 ,041 
goo" 
300" 
Posi t ion 
Film Thickness 
Posi t ion 
Film Thickness 
Posi t ion 
Film Thickneus 
Posi.tion 
Film Thickness 
Posi t ion 
Film Thickness 
Posi t ion 
Film Thickness 
Posi.tion 
Film Thickness 
Posi t ion 
Film Thickness 
2 Fasi t ion Film Thickness 
3 ,Posit ion Film Th1.ckness 
4 Posit ion Film Thickness 
5 Posl. t ion Film Thickness 
6 Posit ion 
Film Thickness 
APPENDIX B 
ANALYSIS OF THE FILM THICKNESS ON A FLAT PLATE HEATING DOWN 
The physical model used t o  analyze f i l m  th.ickness on a f la t  p l a t e  heat- 
ing down assumes a f i n i t e  dl.mension f o r  the  f la t  p l a t e .  I n f i n i t e  hor i -  
zontal  dimensions f o r  the  f la t  p l a t e  reduce the problem t o  t h a t  presented 
i n  Section VXI ,A .3 . a9  i . e . ,  f i lm  formation at  zello gravi ty .  F in i t e  dimen- 
sions r e s u l t  i n  flow of the  vapor p a r a l l e l  as well as normal t o  the  p l a t e .  
If the  p l a t e  i s  f i n i t e  i n  one direct i .on only, the  flow 1,s two-dimensional; 
i f  it i s  f i n i t e  i n  two di rect ions ,  t he  flow i s  three-dimensional. The gen- 
e r a l  ana lys i s  of the  problem requires  the simultaneous solut ion of 'both the  
energy tind the  momentum equations. This would give the  temperature and 
ve loc i ty  distr i 'but ions,  along with the  vapor f i l m  thickness.  An estima- 
t i o n  of the  devia t ion of the  l iqu id-v~por  in te r face  from a t r u e  hor izonta l  
i s  possi.ble by considering the momentum equation alone,  using an assumed 
ve loc i ty  profi . le  i n  the  vapor f i l m .  Several d i f f e r en t  models a r e  possi 'ble,  
The simplest model, Model I, u t i l i z e s  a  p l a t e  which i s  f i n i t e  i n  one 
d i r ec t ion  afid has a uniform veloci ty  p ro f i l e  i n  the  f i l m .  T h i s  model i s  
shown i n  Fig. B-1. A parabolic ve lcc i ty  p r o f i l e  i n  the  f i l m  i s  pro.ba'bly 
a be t t e r  approximation t o  t he  ac tua l  p ro f i l e .  This provides a second 
model, Model 11. The physical surface used f o r  o'btaining tke  experimental 
data was a disk,  so a d i sk  i s  used f o r  a f l a t  p l a t e  i n  Mudels IIS and I V .  
Flow around. the  disk would 'be axisymmetrical, Models 111 and I V  u t i l i z e  a 
disk  with uniform and para'bolic veloci ty  pr30files I n  the f i l m ,  respectively.  
Solid-Vapor I n t e r f a c e  
P = 
p1 
\ Liquid-Vapor In%erface 
F l a t  P l a t e  - Model I 
Solid-Vapor I n t e r f a c e  
\ C 
Liquid-Vapor I n t e r f a c e  
Disk - Model IV 
Fig. B-1. Plate and disk conf'iguratious. 
The disk with the  parabolic velocity prof i le  i n  the  film, Model IV ,  should 
mst nearly appr~ach  the  actual  s i tuat ion.  This model i s  shown i n  Fig. 
B-1. 
It was assumed tha t  the process was one which could be t reated as a 
.P 
steady-state phenomenon. The vapor was considered t o  'be an inviscid f lu id .  
It was assumed there was no flow i n  the z-direction (p la t e )  o r  +direction 
(disk) ,  t h a t  dp/dy = 0 i n  the vapor, t h a t  dp/d.x = constant, and t h a t  
Y 1  " 61. 
The assumption of no flow i n  one direct ion limits the number of dimen- 
sions which must be t reated i n  the problem. The assumption dp/dy = 0 i n  
the vapor eliminates consideration of Plow i n  the vapor mrmal t o  the plate .  
The assumption dp/dx = constant amounts t o  assuming tha t  the vapor f i lm 
thickness varies l inea r ly  with x. The assumption ys >> B1 permits the 
f i lm t o  be approximated 'by a f i l m  of uniform thickness i n  cer ta in  aspects 
of the calculations. With these assumptions, the mamentum equation i s  
where 
For the  plate ,  the s igni f icam direct ion of the  nution i s  along the x-axis. 
W:.iting the momentum equation f o r  t h i s  component 
and nouing t h r ~ t  pl and p2 may be expresses i n  the form ply &- , it may 'be 
Qo 
shown that  
For a steady-state system, conservation of mass requires tha t  the mass flow- 
ing i n t o  the system be e q u ~ l  t o  the  mass flowing out. Fc t h i s  system, 
where the mass flow of vapor i n  i s  the r e su l t  of evaporation of the  l iauid,  
the mass flow i n  is  a function of the heat t ransfer  ra te ,  the average 
enthalpy difference between l iquid  and vapor, and the heat t ransfer  area. 
Equating the mass flow i n  and %he mss flow out we may write 
from which it may be seen t h a t  
Expressing the  term (6-6) as (yl-y2)(y1+y2) and noting that (yI-y2) = S1 
and, since yl >> S,, yl B, and (yl+y2) 2yl, we lnay rewrite ($-,$) as 
2y16,. Subst i tu t i rg  i a t o  Eqs . (B-3 ) through (B-7), the expression 
is  obtained which expresses the film thickness and 'thickness variat ion i n  
terms of measurable pa.cameters fo r  Model I. 
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If a parabolic velocity profile is assumed, Model 11, in  the form 
vxv = vmx ( ~ 2 - Y )  6 03-9 ) 
Eqs. (B-5 ) through (B-8) become, respectively 
For the axisymmetric case with a uniform velocity profile, Model 111, 
Eqs. (B-4) through (R-8) become, respectively 
When Eq. (B-9) i s  used for  the velocity p ro f i l e ,  Model I V ,  the axisym- 
metric Eqs. (B-i?), (B-16), (B-17): and (B-19) become 
Solutions of Eqs. (B-8), (B-13), (B-19), and (B-23) using me~sured or  
estimated physical parameters permits a determina.tion of the re la t ionship 
'between yl and B1. If yl i s  measured, an estj.mate f o r  6, may be made. The 
exp l i c i t  determination of y,, and he.nce 6,) would r e s u l t  from the simul- 
taneous solution with the energy equation. 
THE EFFECT OF A I R  DRAG ON MEASURED (a/g) DURING FREE FALL 
?.he d rag  f o r c e  a c t i n g  on a body moving through the  a i r  i s  given as 57 
where 
p = d e n s i t y  of a i r  
V = ve loc i ty  of 'body r e l a t i v e  t o  the  a i r  
CD = drag  c o e f f i c i e n t  
A = a r e a  of  body normal t o  a i r  flow 
The v e l o c i t y  of  the  t e s t  packages a t  t h e  i r a t a n t  of  impact i s  43 f e e t  
per second. Using a reference length  of 1 f c o t ,  the  Reynold's Number 
va r i e s  from about lo4 soon a f t e r  t h e  package i s  re leased  t o  3 x 105 a t  i m -  
pat-t .  I n  t h i s  range, the Cu' of t h e  f i r s t  t e s t  package should be approx- 
imately t h a t  of  a f l a t  p l a t e  i n  three-di .mensio~s1 flow. i . e . !  1 . 1 7 . ~ ~  The / 
CD of t h e  second t e s t  package should be apprcxi.mately t h a t  of  a rounded 
head cy l inder  i n  three-dimensional f low,  i ,  e . ,  0 .2 .  50 
The f r e e  f a l l  ( q / ~ )  vs.  ATsat da ta  a r e  evaluated dttrlng t h e  period 
from 0.7 t o  1 . 4  seconds a f t e r  r e l ease .  The t r a n s i t o r y  e f f e c t s  caused by 
t h e  r e l e a s e  have diappeared by  0.7 second, and impact occurs  a t  1 , k  seconds. 
Using t h e  measured s r o n t a l  a reas  of the  packages (1.55 fee t2  f o r  the  f i r s t  
2 package ar5 1.07 f e e t  f o r  the  second package) and t h e  v e l o c i t i e s  cor- 
responding t o  t h e  above times (22.5 f e e t  per second a t  0.7 second, 45.0 
f e e t  pe r  second a t  1 . 4  seconds) the  fo rces  a c t i n g  on t h e  pbckages may be 
ca lcula ted  us ing  Eq. ( 1  ) They a r e  
 first package, 0.7 second) = 1.07  l b f  
 fi first package, 1 . 4  seconds) = 4.28 lbf  
 se second package, 0 . 7  second) = 0.124 l b f  
 se second package, 1.14 seconds) = 0.465 l b f  
The f o r c e  due t o  a i r  drag on t h e  second t e s t  package i s  approximately 10% 
of t h e  force due t o  a ir  drag on t h e  f i r s t  t e s t  package. 
Using t h e  r e l a t i o n s h i p  
F 
- 
 Dfree f a l l  
e ) f r e e  f a l l  F' (a /g  )=I 
and t h e  above values of FD, not ing  t h a t  the  weight of t h e  f i r s t  package 
f s 120 pounds and t h e  weight of t h e  second package i s  135 pounds, 
( a /g )  ( f r e e  f a l l .  f i r s t  package. 0 7 second) = 0.0090 
(a/g) ( f r e e  f a l l ,  f i rs t  package. 1 4 seconds) = 0.0357 
(a/g) ( f r e e  f a l l ,  second package, 0.  7 second) = 0.00093 
(a/@;) ( f r e e  f a l l ,  second package, 1 . 4  seconds) = 0.00374 
For the  first t e s t  package, the  e f f e c t i v e  (a/g) during f r e e  f a l l  w i l l  
range from 0.01 t o  0.035 because of v a r i a t i o n  i n  a i r  drag.  Any e f f e c t s  
due t o  guide wire  drag  would f u r t h e r  increase t h e  value of  (a/g).  Because 
( q / ~ )  and ATsat a r e  evaluated p r i o r  t o  package impact, (a/g) increases  due 
t o  a i r  drag should be i n  t h e  range 0.01 < (a/g) < 0.03. 
For  t h e  second t e s t  package, t h e  e f f e c t i v e  ( a / g )  du r ing  f r e e  f a l l  f o r  
t h e  o u t e r  package :iill range from 0 .001  t o  0.0037. The i n n e r  package 
s h o u l d  not  f e e l  any e f f e c t  o f  t h e  a i r  d rag  on t h e  o u t e r  ~ a c k a g e ,  and so 
should exper ience  a lower ( a / g )  than t h e  o u t e r  package. 
APPENDIX D 
EVALUATION OF THE LTTMPED ANALYSIS APPRCXIMATION 
When a spher i ca l  s o l i d  a t  a high temperature i s  immersed i n  a l i q u i d  
a t  a lower temperature, unsteady conduction takes  p lace  i n  t h e  sphere.  The 
reference  parameter describin.g the  i n t e r n a l  d i f f e rences  i n  temperature f o r  
t h i s  problem is t h e  Biot Number, 
which can be i n t e r p r e t e d  as the  r a t i o  of  i n t e r n a l  tc ;  e x t e r n a l  thermal r e -  
s i s t a n c e s .  When t h e  Biot Number i s  l e s s  than  approximately 0.1,  t h e  s o l i d  
may be t r e a t e d  as a lumped system with a fa i r  degree of  prec is ion .  When 
t h e  Biot Nwn'ber i s  g r e a t e r  than  0.1, t h e  s o l i d  must be t r e a t e d  as a d i s -  
t r i b u t e d  system, and a n a l y t i c a l  so lu t ions  a r e  genera l ly  avai la 'ble  o n l y  f o r  
l i m i t e d  types  of 'boundary condi t ions.  The use of numerical s o l u t i o n s  i s  
requi red  f o r  genera l  cases .  
A ca lcu la t io r .  of t h e  Biot Nuniber f o r  t h e  1- inch diameter sphere i n  t h e  
f i lm- 'boi l ing region, us ing  values of h from meas~rement~s assuming lumped 
conditi.ons,, gives  values of l e s s  than  0.02 f o r  a l l  combinations of pressure 
and subcooling inves t iga ted .  Carslaw and ~ a e ~ r r 5 9  have presented a solu-  
t i o n  t o  evalua te  t h e  temperature a t  any poin t  i n  a sphere as a func t ion  of 
t ime a f t e r  a hea t  f lux ,  ( q / ~ ) ,  has suddenly been imposeci. They g ive  
where 
T ( t , r  ) = temperature a t  time t and radi  us r 
To = temperature a,t time zero 
R = radius  of sphere 
O < r < R  
- - 
Cr = thermal d i f f u s i v i  t y  
h,,n = 1,2 , .  , . , a r e  t h e  p o s i t i v e  r o o t s  of t a n  A = 'k 
E q ~ a t i o n  (D-2)  was evaluated f o r  r=O and. r = R = 1/2 inch with ( q / ~ )  =
4 10 ~ t u / h r - f t 2 ,  CPsd = 0.08 ~tu/lbm-OF, osd = 558 lbm/ft3, ksd = 224 ~ t u /  
hr-ft-OF, and t = 1 second. The hea t  f l u x  used might be considered an upper 
l i m i t  f o r  f i l m  boi1ir.g under t h e  condi t ions p r e s e n t ,  A d i f fe rence  of 0.93OF 
was predic ted  between t h e  temperature a t  t h e  center  and t h e  temperature a t  
t h e  su r face  of the  sphere. I n  view of  t h e  small Biot Number w i t h  f i l m  
boi l ing .  i t  appears reasonable t o  expect t h a t  the  r a t e s  of  change o f  cen te r  
and su r face  temperature w i l l  not d i f f e r  s i g n i f i c a n t l y .  The e r r o r  i n  c a l -  
c u l a t i n g  ( q / ~ )  due t o  assuming a uniform temperature i n  t h e  sphere would be 
due t o  t h i s  d i f f e rence ,  and t o  v a r i a t i o n s  i n  Cp with T w-ithin the sphere.  
This i s  l e s s  than 0.05$, which may be neglected.  
I n  t h e  nucleate  and t r a n s i t i o n  b o i l i n g  regions ,  values o f  t h e  Biot 
Niunber a r e  of t h e  order  of  magnitude of  one, indicating t h a t  computation of 
t h e  sur face  hea t  f l u x  w i l l  r equi re  evalua t ion  of t h e  d i s t r i b u t e d  na ture  of  
temperatures i n  t h e  sphere.  T h i s  i s  accomplished us ing  f i n i t e  d i f f e rence  
p r o c e d u ~ e s ,  with t h e  measured sur face  temperatilres as inpu t s .  
The flow shee t  f o r  t h e  c:om~uter program i s  shown i n  Fig .  D-31, and t h e  
program l i s t i n g  i s  shown i n  Fig.  D-2.  The computer language used i s  MAD. 
The program takes  t h e  raw time vs.  sur face  temperature d a t a  and f i t s  
a f j f t h  o r k r  polynomial t o  the  f i r s t  f i v e  po in t s  us ing  the  method of 
l e a s t  mean squares .  I t  d iv ides  t h e  sphere i n t o  t e n  concent r ic  s h e l l s  aoout 
a s p h e r i c a l  core and c a l c u l a t e s  the heat  f l u x  i n t o  t h e  sphere i n  terms o f  
t h e  enthalpy change of ec ?,il s h e l l  evaluated a t  i n t e r v a l s  of  0.00010 sec- 
ond between t h e  secona and four th  pol n t s  ( see  F i g "  D-3). The heat  f lux ,  
su r face  s h e l l  ten.2erature. next s h e l l  temperature,  and s p h e r i c a l  core 'cem- 
pera ture ,  as well  as ATsat and some o the r  computational information, a r e  
pr tn ted  ou t  f o r  t h e  t h i r d  poin t .  The f i r s t  da ta  po in t  i s  then  dropped, 
the  s i x t h  d a t a  po in t  is  added t o  become t h e  new f i f t h  p o i n t ,  a  new poly- 
nomial i s  f i t  t o  t h e  d a t a  poin ts ,  and t h e  process  i s  repeated.  Af te r  a l l  
of  the d a t a  p o i n t s  have been handled i n  t h i s  way t h e  r e s u l t s  a r e  p r in ted  
and p lo t ted  as shown i n  Chapter V. 
0 a 
Read Print 
Identif icct ion b ~ d e n t i f i c a t i o a  
3 Read Data 
Fig. D-1. Flow sheet f o r  ciigital computer program. 
Intermediate 
JF t JF+1 
Fig .  D-1 (continued) 
Fig.  D-1  (continued) 
Print Re~sults i Print Results v 
Fig. D-1 (continued) 
I - I Print 
Plot of I 
Print Results 
ATsat, ( q / A ) ,  
Print 
Plot of 
Temperature ' 
vs. Time 
Print 
Intermediate SD2 = -SD2 
Calculations 
Print 
Plot of 
Log ( q / A )  vs.  ' (q /A )  vs. - 
Log ATSet Time 
L 
Fig. D-1 (concluded) 
SCOMPILE MAD. EXECUTE* DUMP* PRINT UBJECTr PUNCH OBJEC1 
MAD ( 0 6  JAN 1967 VERSION) PROGRAM L IST ING .a. ... ... 
START CCNT INUF 
INTEGER R U N ~ I I ~ I ~ ~ K ~ L ~ R ~ S ~ S H ~ N I N ~  r W r N 4 r J B r J 9 r  J l 2 r J l 4 r J l 5  
INTEGER J ~ ~ ~ G ~ ~ J A I J C ~ J F  
INTEGER DDrUEr I rC3rC4  
INTEGER TPrJZ 
DIMENSION X ~ 2 5 ~ ~ Y ( 2 5 1 r X 1 ~ 1 0 0 1 ~ Y l I 2 5 O O ~ Y l D I M ~  *X2(  l O O ) ~ Y 2 t l 2 l ~ Y 2 D I M )  
DIMENSION X 3 1 1 0 0 1 r Y 3 1 1 2 1 r Y 3 D I H ~ r T f  100)  vTN( LOO) rTA(  lOO) rRUN( l2 )  
DlMENSlON CTEM(52)rCCP(521rGRAPH(8671rEXtlOO)rWY~1OO)rSTDX~l20) 
DlMChSIUN S T D Y ( 1 Z O ) ~ S T A X I l Z O ~ ~ S T A Y ~ 1 Z O ~ ~ D A T A X ~ 1 O O ) ~ ~ A T A Y ~ l O O ~  
DIMINSION DAT~(100)~DATY(l00)~TlM~l00~ ~ T E ~ l O O ) ~ Q A B t l O O ~ r D T T ( l O O )  
VECTOR VALUES V l D l M  2 r l r 5 0  
VtCTOA VALUES Y2DlM = Z r l r l l  
VtCTOR VALUES Y301M = 2919 11 
VFCTOR VALUES n u r =  s ln i ,  L ~ C ~ * S  
VECTOR VALUES OUTl=SlHOrlZC6*$ 
VFCTOR VALUES IN=SlZC6*S 
VECTOH VALUES ABS=SlHOrS3Or24HLUC (1s-TSAT ) r  DEGREES F*S 
VECTOR VALUES LkO=S TEMPEWATUKEr DEG F S 
VECTOR VALUES AOSl~SlHO~S50r2LHWELATIVE T I  ME, SECONDS*S 
VECTOR VALUCS OHD=S LOG Q/Ar BTU/HR-FT2 * S 
VFCTOR VALUES QA=S Q/Ar BT U/HH-FTZ *S 
VECTOR VALUES E X 4  1 1= O.OrO.jOlr 
1 0 ~ 4 7 7 r 0 ~ 6 0 2 r 0 ~ 6 9 9 r 0 ~ 7 7 8 r 0 ~ 8 4 5 r 0 ~ 9 0 3 r 0 ~ 9 5 4 r 1 ~ 0 ~  
2 1 -301r l . 477 r  
3 1.602r 1.699r1.776rl.R45r1.903r1~9S4~2~Or 
4 2.301r2.477r 
5 2 . 6 0 2 r 2 . 6 9 9 ~ 2 . 7 7 8 r 2 . 8 4 5 r 2 . 9 0 3 * 2 - 9 5 4 ~ 3 . 0  
VECTOR VALUES WY( I ) =  3.0r3.301 r 
1 3 .477r3 .602r3 .699~3 .778933845 .34903 .3 .954r4 .0 r  
2 4.301r4.477r 
3 4 .602r4 .699*4 .778*4 .845r4 .903*4 .954r5 .0  
VECTOR VALUES STDX( l )=  5.8r6.0~6.2r6.4r6.6r6~8r7.017.2r7.2r7~6r8.0r8~5r 
1 9 ~ 0 ~ 9 ~ 5 r 1 0 ~ 0 ~ l l ~ r 1 2 ~ ~ 1 3 ~ ~ 1 4 ~ ~ 1 5 ~ r 1 b ~ ~ 1 7 ~ r l H ~ r l Y ~  r20 . r21* *  
1 22-r23.r24.r25-r26.r27.r28~r29.r300r31~r32.r33.r34~r35.r36.r 
1 37.r38.r39-~40.r42.t44.r46.r48~r50.~~2*~54-r56-rS8.r60~r62~r 
1 6 4 ~ r 6 6 ~ r 6 8 ~ r 7 0 ~ r 7 2 ~ r 7 6 ~ r 8 0 ~ r 8 5 ~ ~ 9 0 ~ r 9 5 ~ r 1 0 0 ~ r 1 1 0 ~ r 1 2 0 ~ r  
1 1 3 0 ~ r ~ 4 0 ~ r 1 5 0 ~ ~ 1 6 0 ~ r l 7 O 0 r 1 8 O ~ r 1 9 O 0 r 2 O O 0 r 2 l O ~ r 2 2 O ~ r 2 3 O ~ ~  
1 240.rZ50.9210. r27O.rZ80- r 2 9 0 ~ ~ 3 0 0 ~ r 3 : 0 . r 3 2 0 *  r 3 3 0 * r 3 4 0 * r  350.r 
1 360. 
VECTOR VALUES $TOY( 1 ) =  1350. r l S 0 0 ~ r 1 7 0 0 ~ ~ 1 9 0 0 ~  21 0- r2300 . r2550* r2800- r  
1 3400~~4000~~4900~~6000~~7200~r8500~~11900~r15700~~20900~~ 
1 26400- r 3 3 7 0 0 . ~ 3 9 2 0 0 . ~ 4 3 0 0 0 . r 4 4 7 5 ( I .  146000. r 4 6 2 5 0 -  r 4 6 2 5 0 -  * 
1 45800. r 45000. r 44000- ~ 4 2 2 0 0 .  ~ 4 0 5 0 0 -  r 38750- r36500-  r 3 4 0 0 0 -  r 
1 30700. r 27500. r24300. rZ1700. r 1 9 7 0 0 -  (I 1 5 0 0 0  2000- r9700. r7500.r 
1 6 0 0 0 ~ ~ 4 5 5 0 ~ r 2 6 5 0 ~ ~ 1 7 2 5 ~ ~ 1 6 8 0 ~ r 1 6 9 0 ~ . 1 7 2 5 ~ ~ 1 7 6 0 ~ ~ 1 8 0 5 ~ ~ 1 8 4 5 ~ r  
1 1 8 9 0 ~ ~ 1 9 2 0 . r 1 9 6 0 ~ r 2 0 0 0 ~ r 2 0 4 0 ~ r 2 0 8 0 ~ ~ 2 1 1 5 ~ r 2 1 5 0 ~ r 2 2 3 5 ~ ~ 2 3 0 0 ~ r  
1 2 4 0 0 ~ ~ 2 4 9 0 ~ ~ 2 5 R 5 ~ r 2 6 7 5 ~ ~ 2 8 6 0 o r 3 0 2 0 ~ ~ 3 2 0 0 ~ ~ 3 3 8 0 ~ r 3 5 5 0 ~ ~ 3 7 1 0 ~ ~  
1 3 9 0 0 ~ r 4 0 5 0 ~ r 4 2 2 5 ~ r 4 4 0 0 . r * 5 7 5 ~ r 4 7 5 0 ~ ~ 4 9 0 0 ~ r 5 0 5 0 ~ r 5 2 2 5 ~ r 5 4 0 0 ~ ~  
1 5 5 7 5 ~ ~ 5 7 5 0 ~ ~ 5 9 0 0 ~ ~ 6 0 2 5 ~ ~ 6 2 0 0 ~ r 6 4 0 0 ~ ~ 6 5 5 0 ~ ~ 6 7 0 0 ~ ~ 6 8 5 0 ~ ~ 7 0 0 0 ~  
VECTOR VALUES CTEM(l )=  -360. r-350-r-340-r-330**-320* r -310-* -300-r -290. r  
1 -280.*-270. r - 2 6 0 ~ r - 2 5 0 ~ ~ ~ 2 4 0 ~ r ~ Z 3 0 ~ r - 2 2 0 ~ r ~ 2 1 0 ~ ~ ~ 2 0 0 ~ r - 1 9 0 ~ r  
1 - 1 8 0 ~ ~ - 1 7 0 ~ ~ - 1 6 0 ~ r - 1 5 i ) i ) r ~ 1 4 0 ~ r ~ 1 3 0 ~ r ~ 1 2 0 ~ r ~ 1 1 0 ~ r ~ 1 0 0 ~ r ~ 9 0 ~ r  
1 -8O.r-70.*-60. r-50.9-40. 9-30. ~ ~ 2 0 ~ ~ ~ 1 0 ~ r 0 ~ 0 ~ 1 0 ~ ~ 2 0 ~ ~ 3 0 ~ ~ 4 0 ~  r 
Fig. D-2. Djgital computer program l i s t ing ,  
\ 5 3 ~ ~ 6 0 ~ ~ 7 0 ~ ~ 8 0 ~ ~ 9 0 ~ ~ 1 0 0 0 ~ 1 1 0 0 ~ 1 2 0 ~ ~ 1 3 0 0 ~ 1 4 0 ~  
VECTOR YALUES C C P I  I)= O o 0 3 0 5 r  
1 . 0 3 5 9 r .  0407r*0451*0489 * * 0 5 2 4 * * 0 5 5 7 *  - 0 5 8 9 e  
1 ~ 0 6 1 8 ~ ~ 0 6 4 2 ~ ~ 0 6 6 2 ~ ~ 0 6 8 1 r . 0 6 9 9 ~ ~ 0 7 1 6 ~ ~ 0 7 3 2 ~ ~ 0 7 4 7 ~ ~ 0 7 6 ~ ~ 0 7 7 3 ~  
1 ~ 0 7 8 4 ~ ~ 0 7 9 4 ~ ~ 0 8 0 4 ~ ~ 0 8 1 3 ~ ~ 0 8 2 2 ~ * 0 8 3 1 ~ ~ 0 8 3 9 ~ ~ 0 8 4 7 ~ ~ 0 8 5 4 ~ ~ 0 8 6 ~  
1 ~ 0 8 6 6 ~ ~ 0 8 7 2 ~ ~ 0 8 7 7 ~ ~ 0 8 8 2 ~ ~ 0 8 8 6 ~ ~ 0 8 9 1 ~ ~ 0 8 9 5 ~ * 0 8 9 9 ~ ~ 0 9 0 3 ~ ~ 0 9 0 6 5 ~  
1 ~ 0 9 1 ~ ~ 0 9 1 2 5 ~ ~ 0 9 1 5 5 ~ ~ 0 9 1 8 ~ ~ 0 9 2 0 5 ~ ~ 0 9 2 3 ~ ~ 0 9 2 5 ~ ~ 0 9 2 7 ~ ~ 0 9 2 8 5 ~  
1 .093r.09315**09325..0934 
MPY= 2 . 3 0 2 5 8 5  
N 1 = 9 2  
J 1 4 = 2 8  
J l 5 = 1 9  
REAO EORHAT I N *  R U N l l l . ~ . R U N t l 2 I  
P R I N T  FORMAT O U T *  R U N ( S l ~ ~ ~ R U N 1 1 2 1  
REAO D A T A  
P R I N T  R E S U L T S  N4*N*RO*VOA*DR*TC*DSvSH*RZqTSAT*TIMI 1 I . . . T IM lN4J*  
1 T E M l l l . . * T E M l N 4 1  
WHENEVER N  .I.. 5 r  TRANSFER TO START 
J C = I N + 1 1 / 2  
THROUGH LOOPB*FOW Il=JC~lrII.G.IN4-IN/2I-21 
THROUGH L U l r  FOR DD=1911DU.G.N 
Y l D D l = ( T E M ( D D + I  l-JC+Z~-TEMlOD+I1-JCll/lTIM~OD+~l-JC+Zl 
1 - T I M I D O + I  1 - J C I  I 
L U 1  X I D D J = T I H l D D + I  1 - J C + l I  
TP=O 
HRZ SX=O.O 
SXZ  = 0.0 
S X 3  = 0.0 
S X 4  = 0.0 
S X 5  = 0.0 
S X 6  = 0.0 
SY = 0.0 
SXY = 0.0 
SXZY= 0.0 
SX3Y=  0.0 
S Y 2  = 0.0 
THROUGH L P A c  FOR I = l r  l r  I .Go N 
SX = SX + X I 1 1  
S X 2  = S X 2  + X I 1 1  .P. 2 
S X 3  = S X 3  + X I 1 1  *P. 3 
S X 4  = S X 4  + X I 1 1  *P. 4  
S X 5  = S X 5  + X ( 1 )  .P. 5  
S X 6  = S X 6  + X I  I I .P. 6 
SY = SY + Y I I J  
SXY = SAY + Y l I 1 * X I I l  
S X 2 Y  = S X Z Y  + Y I I l * X I I l * X l I l  
SX3Y  = S X 3 Y  + Y l I I * X I I l  .P. 3 
SYZ  = S Y 2  + Y ( I l * Y l I l  
V1= N / l N * S X Z  -SX*SX)  
V 2 = l  S X * S X 3 / N I - S X 4  
V 5 = S X 2 / N  
Fig. D-2 (continued) 
HRA 
LOOPC 
1 
L O O P 0  
L P R  
V l 9 = S X * S X 3 / N  
A3=1  V 1 6 + V l * V 9 * V 1 9 + l V 1 7 + V 1 * V h * V 1 9 / N 1 * V l 1 * V 1 3 l / ~  S X 6 - V l 8 - V l * V 2 *  
V 1 9 - V l l * V 1 5 * l V 1 7 + V l * V 6 * V l 9 / N )  1  
A Z = V l l * I  V 1 3 + V 1 5 * A 3 )  
A l = V l * I V 4 + ( V L / N ) * A 2 + V 2 * A 3 )  
AO=l  l . / N ) * (  SV-A I *SX-A2*SX2-A3*SX3)  
SD2=SY2- (AO*SY+AI *SXY+A2*SX2Y+A3*SX3Y l  
WHENEVER ISO2/NI.L.O.O* TRANSFkR TO EKRRT 
WHENEVER lP.Nk.01 TRANSFER I O  HRX 
SE=SOHT.I S 0 2 / N 1  
C2=0.0 
THROUGH L U 2 r  FOR O E = l r l r O E * G ~ ( N + l I  
C2=C2+~TEMIl~E+I1-JC+1~+TEMlDE+I1-JC~l*~TIMl~E+Il-JC+l~ 
- T I M l D E + I  1 - J C )  ) / 2 .  
C3= I i-JC+N+2  
C.4=11-JC+l  
C ~ ~ ~ C ~ - I A O ~ L ~ ~ * ~ I T I M I C ~ ~ ~ P ~ ~ ~ - I T I M I C ~ ~ ~ P ~ ~ ~ ~  
- l A l /  ~ ~ ) * ( I T I M ~ C ~ J . P . ~ ) - I T I M ~ C ~ ~ ~ Y Y ~ ~ )  
- ~ A 2 / 1 L o ) * I ~ T 1 M l C 3 ~ ~ P ~ 4 ~ - l T I M l C 4 I ~ P ~ 4 ~ 1  
- ( A ~ / ~ O O ) * ( ( T I H ( C ~ ) ~ P * ~ I - ( T I M ( C ~ I ~ P * ~ ~ I ~ /  
1 T I W ( C 3 ) - T l M ( C 4 )  1 
HO=AO 
B l = A l  
B 2 = A 2  
B  3=A 3  
THROUGH LOOPCr  FOR G l = l I l - 7 ) r l r G l . G .  ( I  1 + 2 l  
X l I G 1 1 = X ( G l - 1 1 + 3 1  
Y l l G l ~ (  11-2~)=AO*X1~Gl~+A1*X1lGl~*Xl~C1l/2. 
+ A Z * X l I C l l  .P .3 /3 .+A3*XLIGl )  .P.4/4.+Cl 
THROUGH LOOPDr FOk K = I l - l r l r K * G * ( I 1 + 2 )  
THROUGH L i l O P O r F O l i  1 2 = K r l r l Z . G . ( 1 1 + 2 1  
Y l ~ I Z ~ K ) = l Y l ~ I 2 ~ ~ - 1 ) - Y 1 ~ I Z - 1 r K - l ~ ~ / l X P ( I 2 ~ - X l l I 2 - K + I  1 - 7 1 )  
T t i R O f f i H  L P R r  FOR J F = l r l r J F . G E . S Z  
WHENEVER ~YlI11r111-21)-CTE#IJF)).L.O.OrTRANSFER TO H R 3  
P R I N T  RESULTS J F r C T E M l  JF)rA3,AlrA7~A3rXll11-2).*.Xll 1 1 + 2 l r  
Y 1 ! 1 1 1 - 2 ~ r ~ 1 1 - 2 1 1 ~ ~ ~ ~ 1 1 1 1 1 + 2 ~ ~ ~ 1 1 - 2 1 1  
TRANSFER TO START 
A C P = C C P l J F - l l + l ~ C C P ~ J F ~ - C C P ~ J F - 1 ) ~ * l Y 1 ~ I l ~ l I l - 2 ~ 1 - C T E M l J F - l l ~  
/ l o o 3 1  
CQ=RU*OR*DR*36OO./(TC*DS) 
MM=ACP*CQ 
PK=lXl~I1+1)-X1111-111/DS 
THROUGH LOOPB. FOR L = l r l r L . G . P K  
WHENEVER 11.6.3 .OR.L.G. l r  TdANSFEH TO P S I  
THKOUGH LOOPEr F O k  S = l r l r S . G . S M  
T ( S ) = Y L I Z r l )  
T I M E = X l (  1 1 - l ) + L * O S  
T I  ~ ) = B O * T I M ~ + B ~ * T I M E . P ~ ~ / ~ Z + B ~ * T I M E . P * ~ / ~ ~ + B ~ * T I M E ~ P ~ ~ / ~ ~ + C ~  
THROULH LOOPGI FOR S = l r l * S - G - S M  
WHkNEVER S.E.l 
T N l l ) = T 1 1 1  
OR WHtNEVER S.L. St4 
DRR=DR/ I R Z - ( S - l ) * D R )  
TN~S)=lTlS+l~*l1.-ORH~+TlS-l)*~lL+DRRl+(MM-2.~*TlS~~/MM 
OTHERHI SE 
T N l S ) = 1 6 . * T I S - l I + I M M - 6 .  ) * T ( S B ) / M M  
END OF C O N D I T I O N A L  
WHENEVER . A B S . l T I H E - ( X l (  I 1 ) - 2 . * D S ~ ~ ~ L ~ O 0 0 0 0 1 0  
Y ~ I S I ~ I = T N I S )  
X 2 I  1 ) = T I M E  
Fig. D-2 (continued) 
LOOPG 
LOOPH 
LOOP J 
LOOYL 
L P Z  
HRX 
R= 1 
OR WHENEVFR oABS.( T I M € - (  X l (  1 1 ) - D S ) )  .L.O.OOOlO 
Y Z ( S r Z ) = T N ( S )  
X Z ( Z ) = T I M E  
R= 2  
011 WHENEVER .AHS.( T I M E - X I (  11) ).L.0.00010 
Y 2 ( S * 3 ) = T N (  S )  
X 2 1 3 J = T I H E  
R= 3  
OH WHENEVER . A B S . ( T l M E - ( X I (  I l ) + O S )  ~ o L . 0 ~ 0 0 0 1 0  
Y Z ( S r 4 ) = T N ( S )  
X 2 ( 4 ) = T I M E  
R= 4 
OR kHENEVER oABS. ( T I N E - ( X I (  I l ) + Z . * D S )  J  . L . O . O W  
Y Z ( S r S ) = T N (  S I  
X ~ ( ~ ) = T I M F  
R = 5  
T D = Y 2 1 1 * 3 ) - T S A T  
END OF C O N D I T I O N A L  
THROUGH L O U P H r  FOR S = l r  11 S.G.SM 
T ( S ) = T N ( S )  
WLlENEVEk ~ A B S ~ l T I M t - ~ X l ~ I 1 ~ + 2 ~ * D S ~ ~ ~ L ~ 0 ~ 0 0 0 1 0  
THHUUCli  L U U D L r  FOR K= 11 l r  R.G. '5 
S U M = ( ( S M - l .  ).P.Z*vL( l r K )  112 .  
THROUGH I-OIJY J F C r i  S=Zr  1 S. I - .  SM 
SUH=SUM+((CbM-5i.P.2i*Y2(S*KJ 
T A ( R ) = ~ . * S U ' I / I  I S M - I .  l.P.3) 
X3(c1=X21r .J  
Y Z ( R . 1 ) -  r A ( K 1  
THROUGH L P Z r  FOR J Z - l t l r  J2 .G-5  
X I  J Z ) = X 3 (  JZ ) -T IME+~ . ' , I ~S  
Y I J Z ) = T A (  J Z )  
TP= 1 
TRANSFER TO H R Z  
TG=A1+2.*AZ*X( 3 ) + ? . * A 3 * X ( 3 ) * X I ) )  
P R I N T  R E S U L T S  X 2 ( l ) r X 2 ( l ) r X 2 ( 3 J r X 7 ( 4 ) r X 2 ( 5 ) r T I M E * T G * X ( 3 )  
d=RO*ACP*TG*VUA*3t -00.  
P R I N T  R C S U L T S  " 7 ( 3 ) r Y 2 ~ l r 3 ) r Y Z ~ 2 r 3 ) r Y 2 ( 1 1 r 3 ) ~ A ~ P r Q r i O r S F  
WHENEVER Q  -6. 1 0 0 0 0 0 . 0 1  T R A N S F t H  TO L P Z  
QAB (I 1-JC+ l )= .A t iS . (Q )  
D T T  I 1 1 - J C + l ) = T D  
D A T A X I  11 -JC+ l )= .ABS . (TD)  
DATAY(  1 1 - J C + l J = Q A B ( I l - J C + I  
END OF C O N D I T I G N A L  
C O N T l N U t  
N3=  I 1-JC 
P R I N T  COMMENT I l S  
EXECUTE SETPLT .  ( 1 1 T I M (  1 1  r T E M I 1  J * N ~ s S * S * ~ ~ ~ L F O )  
P R I N T  FORMAT A B S 1  
P R I N T  FORHAT U U T l r  RUN( l ) . . .HUN( lZ )  
THROUGH L P K ~ F O R  J 9 = l r l * J 9 . G . N 1  
S T A X l d 9 ) =  ELOG. ( S T D X t  J9) 1 /HPY 
S T A Y ( J 9 ) =  E L O G . ( S T D Y ( J 9 ) ) / M P Y  
THROUGH LPOI FOR J 1 6 = l r l * J l b . G . N 3  
O A T X t J l b )  = E L U G . ( D A T A X ( J l h ) ) / M P Y  
D A T Y ( J 1 6 1  = E L U G . ( D A T A Y I J l 6 l ~ / M P Y  
EXECUTE P L O T 1 . ( 0 * 2 1 2 5 * 3 r 3 3 )  
EXECUTE PLOT2 .  (GRAPH*3.*0 .  ~ 5 . ~ 3 .  ) 
THROUGH L P J r F O R  J12=11 l r  J l Z . G . J l 4  
EXECUTE PLOT3.( S + S r E X (  J 1 2 )  r 3 . 0 1 1 )  
Fig. D-2 (Continued) 


APPElJDIX E 
ANALYSIS OF THE TEST PACKAGE-STEEL CABLE-COUNTERWEIGHT SYSTEM 
A sketch of the t e s t  package-steel cable-counterweight (p-c-c)  sys-  
tem i s  shown i n  Fig .  E-1, The cable  is assumed t o  pass over two f r i c t i o n -  
l e s s  pu!_lcys and t o  be weight less  and inex tens ib le .  Writing the  equat ions 
~f motion fo r  t h e  t e s t  package and the  counterweight. 
f o r  whi.ch t h e  s o l u t i o n  I s  
where 
& = sum of t h e  f o r c e s  i n  t h e  y-djrec-';ion 3' 
m = mass 
mc = mass of counterweight 
m~ 
= mass of t e s t  package 
ay = a c c e l e r a t i o n  i n  y -d i rec t l cn  
-inch Diameter Steel Cable \B 
Counterweight 
Fig. E-1. Sketch and free-body diagram of tes t  package-steel 
cable-counterweight system. 
as = a c c e l e r a t i o n  of p-c-c system 
g = a c c e l e r a t i o n  due t o  g r a v i t y  
Fc = t e n s i o n  i n  cable  
The e f f e c t i v e  body fo rce  a c t i n g  on a body which i s  moving w i t h  t h e  
t e s t  package is  
where 
FB = e f f e c t i v e  body f o r c e  a c t i n g  on body moving with t e s t  package 
mg = mass of  body moving with t e s t  package 
ag = n e t  a c c e l e r a t i o n  of body moving with t e s t  package 
The ne t  accelerat i .on 
When mc = 0 ,  i . e . ,  t h e  t e s t  package i s  i n  f r e e  f a l l ,  (as/g) = 1, 
Fc = 0, and (aB/g) = 0. This  i n d i c a t e s  t h a t  a body moving with t h e  t e s t  
package i n  f r e e  f a l l  i s  subjected t o  t h e  same fo rces  which it would be sub- 
jec ted  t o  i n  a zero-gravi ty  environment. 
When rncg = 11 pounds and mpg = 120 pounds, (a,/g) = 0.83, Fc = 20.2 I b f ,  
and (ag/g) = 0.17. Th i s  i n d i c a t e s  t h a t  a body moving with t h e  t e s t  package 
i n  counterweighted drop,  assuming t h e  weights given above, i s  subjected t o  
the  same fo rces  which i t  would 'be subjected t o  i n  a n  environment possessi.ng 
a g r a v i t a t i o n a l  f i e l d  17s as s t rong  as t h a t  on t h e  ea r th .  
The a c t u a l  p-c-c system d i f f e r s  from the  idea l i zed  system descr ibed 
above. The values o f  (aB/g ) were measured using an  accelerometer mounted 
on the  t e s t  package. The measured values of  (ag/g) were approximately 15$ 
higher than  those c ~ l c u l a t e d  using Eq. (E-7) f o r  counterweighted drop, This  
d i f f e r e n c e  i s  a t t r i b u t e d  p r imar i ly  t o  f r i c t i o n  l o s s e s  i n  t h e  pul leys  and 
bending l o s s e s  i n  t h e  cable ,  with a small e f f e c t  due t o  guide wire drag, 
which increase  t h e  e f f e c t i v e  mass of t h e  counterweight, and thus  (ag/g). 
The assumption t h a t  t h e  s t e e l  cable  is  inextens ib le  is not a good as- 
s u ~ ~ t F o n  f o r  t h i s  system. The measured spr ing  constant  was 308 l 'bf/in. The 
dynamic system may be represen+ed as shown i n  Fig.  E-2, with mc and mp each 
r e s t i n g  on a f r i c t i o n l e s s  sur face  and connected by a spr ing  with sp r ing  
constant  kc and FBp and FBc represent ing  t h e  g r a v i t y  forces  a c t i n g  on the  
t e s t  package and counterwei.ght, r e spec t ive ly .  An i n i t i a l  d e f l e c t i o n  of t h e  
sp r lng  i s  considered, depending on whether t h e  system 1s ~ n i t i a l l y  restrained 
a t  t h e  counterweight o r  t e s t  package, A o r  B i n  F ig .  E-2. The equat ions of  
motion may be w r i t t e n  as 
When t h e  system i s  i n i t i a l l y  r e s t r a i n e d  a t  t h e  counterwei.ght, A i r i  Fig.  
E-2, t h e  t e s t  package a c c e l e r a t i o n  i s  
Fig. E-2.  The tes t  package-steel-cable comterweight system 
as an idealized mass-spring-mass system. 
where co i s  the  natural frequency of the  system. The solutions f o r  u, are  
Using values of kc = 308 lbf/inch, ~g = 11 lbf ,  and mpg = 120 lbf  i n  Eq. 
(E-11). o = 108.8 radians/sec, and the predicted osc i l l a t ion  frequency, f ,  
for  the system i s  17.3 Hertz. This solut ion assumes no damping i n  the sys- 
tem, and therefore gives an upper l i m i t  f o r  f .  The general solution of Eqs. 
(E-8) and (E-9 ) with the  appropriate i n i t i a l  conditions, give3 as Eq. (E-10 ), 
shows t h a t  the effect ive body force present on the t e s t  package w i l l  o sc i l l a t e  
about the  stead.y value. Evaluating Eq. (E-10) using the values given above, 
the t e s t  package acceleration i s  given as 
which predicts  tha t  an accelerometer mounted on the t e s t  package would show 
an average value of (1-0.83)g = 0.17g, but with a superimposed osc i l l a t ion  
of amplitude 0.83g. 
When the system i s  i n i t i a l l y  restrained a t  the package, B i n  Fig. E-2, 
the t e s t  package acceleration is 
a% - mp-m, ( 1  + m, - cos at )g 
dt2 mp+"'c m~ 
Using the  values given previously, the  t e s t  package acceleration i s  given 
which pred ic t s  t h a t  an accelerometer mounted on the  t e s t  package would show 
an average value of (1-0.83)g = O.l7g,, but with a superimposed o s c i l l a t i o n  
of amplitude 0.076g. 
Measurements of (ag/g) as a function of time using the  values of kc, 
mcg, and mpg given previously were obtained and a r e  shown i n  Fig. E-3. The 
chart labeled "counterweight released i n  basement l1 w a s  obtained using the  
cable t o  support the  t e s t  package (A i n  Fig. E-2). The chart  labeled "pack- 
age re leased by burning wire" w a s  obtained using the  cable t o  support the  
counterweight (B  i n  Fig. E-2). The i n i t i a l  amplitude of t h e  o s c i l l a t i o n s  
i n  (ag/g) a r e  much l a rge r  f o r  the  case where t he  l a r g e s t  mass ( the  t e s t  
package) was being supported. This amplitude decreases over t h e  first sev- 
e r a l  cycles,  indicating t h a t  damping i s  taking place.  The o s c i l l a t i o n  f r e -  
quency i s  the same for both mea.suremen.ts, a.pproximateiy 13 Hertz. If vi.scous 
damping is  assumed, a value of the  damping f a c t o r  of 0.66 is  indicated.  The 
damping i s  probably not viscous, because a damping f a c t o r  of 0.66 indicates  
large damping, bu t  r e l a t i v e l y  l i t t l e  damping i s  indicated on the  t r aces .  
The appearance of  the  t r aces  cn Fig. E-3 ind ica tes  t h a t  severa l  f ac to r s  
probably influence the  o s c i l l a t i o n  behavior of the  p-c-c system. The pulleys 
over which the  cable passes, i n t e rna l  damping i n  the  cable,  the  f a c t  t h a t  
the cable  cannot sus t a in  compressive forces and the  possi 'bili ty of some in-  
t e rna l  o s c i l l a t i o n  within the  t e s t  package i t s e l f ,  a r e  probably among the  
most s ign i f i can t  . 
Fig. E-3. Accelerometer records of ( a d g ) .  
With these l i m i t a t i o n s  i n  mind, it i s  i n t e r e s t i n g  t o  compare t h e  t r a c e s  
of Fig.  E-3 with t h e  p red ic t ions  of Eqs. (E-12) and (E-14). When t h e  counter- 
weight i s  re leased ,  t h e  i n i t i a l  l a r g e  i r r e g u l a r  o s c i l l a t i o n s  a r e  probably 
caused by the counterweight t r y i n g  t o  compress t h e  cable ( w i t h  r e s u l t a n t  
cable buckl ing)  then  dropping back down t o  aga in  put t h e  cable  i n  tens ion .  
The i0.83g o s c i l l a t i o n  predic ted  i s  not  sus ta ined ,  although it may be pres-  
e n t  i n  t h e  f i r s t  cyc le .  
When the  package i s  re l eased ,  a more regu la r  t r a c e  i s  obtained. C a b l e  
buckling i s  probably not a problem f o r  t h i s  case.  The maximum amplitude 
of t h e  a c c e l e r a t i o n  v a r i a t i o n  i s  l e s s  than  fO.lg,  which i s  approximately as 
predic ted  by Eq. (E-14).  A b e a t  i n  t h e  o s c i l l a t i o n  amplitude may 'be seen, 
but t h e r e  i s  no obvious cause f o r  t h i s .  
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